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 Understanding mantle evolution is essential for investigating many processes of the 
Earth’s surface and interior. A straightforward way to study mantle evolution is through mantle 
convection simulation. However, a self-consistent and fully dynamic representation of past 
mantle convection for the real earth is still not feasible. Different data assimilation methods for 
mantle simulation therefore have been proposed, all of which have pros and cons. By combining 
the advantages of the forward and adjoint assimilation algorithms, we created a hybrid data 
assimilation approach. We evaluate the effectiveness of this new approach by comparing its 
recovered mantle evolution with results from several other existing methods. We show that the 
new approach is able to better capture both the fine-scale and large-scale dynamics of subduction 
and mantle convection. 
We apply the hybrid approach to the reconstruction of mantle dynamics below the 
western United States (U.S.) since 20 million years ago (Ma). In our model, the mantle dynamics 
is only driven by the mantle density structure. The model results reveal a new explanation for the 
formation of intra-plate volcanism in the western U.S. In particular, the Columbia River flood 
basalt, the Yellowstone and Newberry hotspot tracks, diffusive basaltic volcanisms in the Basin 
and Range, and the circum-Colorado Plateau volcanism can all be explained by the landward 
intrusion of the hot Pacific asthenosphere since the mid-Miocene. The hot mantle initially enters 
the continental mantle through tears within the Juan de Fuca slab and is subsequently advected 
landward by the sinking Farallon slab below the central-eastern U.S. The migration direction of 
the hot mantle is further regulated by the varying thickness of the continental lithosphere and the 
roll back of the Juan de Fuca slab. The temporal-spatial evolution of the hot anomalies at 
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lithospheric depth matches the temporal-spatial distribution of the extensive intra-plate 
volcanisms.   
The flexibility of data assimilation models also allows us to quantitatively investigate the 
origin of mantle anisotropy observations. The distribution of shear wave splitting (SKS) in the 
western U.S. displays several unique patterns including the fast E-W anisotropy from Oregon to 
Yellowstone, the largely swirl pattern centered in Nevada, and the complex anisotropy around 
the Rockies. These unique patterns cannot be explained by the traditional toroidal or poloidal 
mantle flow near a subduction zone. Instead, the same mantle flow driving the intra-plate 
volcanism also best reproduces the observed SKS. In particular, the toroidal flow related to the 
Juan de Fuca slab is only restricted to its southern edge. The sinking of the former Farallon slab 
extends the toroidal flow further eastward. The lithospheric thickness variations help to form a 
circular deformation pattern centered in western Nevada. The prominent E-W oriented SKS in 
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1.1 Background and motivation 
The western United States (U.S.) is probably one of the most geologically active regions 
in the world. It has host widespread volcanism (e.g. Pierce and Morgan, 1992; Gans and 
Bohrson, 1998; Camp and Ross, 2004; Roy et al., 2009), strong crustal extension (e.g. Sonder 
and Jones 1999), and crustal/topographic deformation (e.g. McQuarrie & Wernicke, 2005; Liu 
and Gurnis, 2010; Becker et al., 2014; Molnar et al., 2015). Extensive studies over this region 
have accumulated the finest observations related to these geological events (e.g. Pierce and 
Morgan, 1992; McQuarrie and Wernicke, 2005; Flower et al., 2008; Karlstrom et al., 2012), as 
well as to the mantle underneath (e.g. Sigloch, 2011; Schmandt and Lin, 2014; Gao and Liu, 
2015; Hansen et al., 2015). 
 The western U.S. can be divided into several tectonic provinces. Along the western 
coast, the Farallon plate has been subducting eastward as early as 150 million year ago (Ma) 
(Müller et al., 2008). By now, the oldest Farallon slab has sunk into the lower mantle below the 
eastern U.S. (Sigloch, 2011). The Farallon plate has now broken into several smaller pieces 
(Schmandt and Lin, 2014), with that offshore Cascadia composed of Gorda, Juan de Fuca, and 
Explorer subplates from south to north (Müller et al., 2008). Along the west coast situates the 
Cascadia Range (Fig. 1.1). Further inland, the Columbia Plateau sits in the north in Oregon and 
Washington, while the Basin and Range (B&R) is in the middle and south (Fig. 1.1). Adjacent to 
the B&R on the eastern side is the Colorado Plateau (CP) (Fig. 1.1). The Rocky Mountain (RM) 
is the boundary between the geologically active western U.S. and the stable cratonic area in the 
middle and eastern U.S.  (Fig. 1.1) 
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Figure	 1.1	Topography and SKS of western U.S. White contours with purple interior mark the 
dike  swarms of the Columbia River flood basalt (CRFB) and the Yellowstone (YS) hotspot 
 track. Thick white lines mark the Newberry (NB) hotspot track. . Key anisotropy features include 
the fast SKS splitting from Oregon to Wyoming, the large scale circular pattern centered in 
western Nevada, and the sharp anisotropy transition along the lithospheric step in Wyoming and 
Utah. RM: Rocky Mountains, BR: Basin & Range, CP: Colorado Plateau, CR: Cascadia Range. 	
The various tectonic provinces have experienced unique geological events. One 
characteristic is the intra-plate volcanism in the western U.S. (Fig. 1.1), including the Columbia 
River flood basalt (CRFB), the Yellowstone hotspot track (YS), the Newberry hotspot track 
(NB), and volcanisms surrounding the CP. CRFB happened between 16.6 ~ 14.5 Ma, during 
which ~220,000 km3 basalts are erupted (Camp and Ross, 2004). The YS initiated on the 
boundary between southeastern Oregon and northern Nevada at ~16 Ma, and subsequently 
moved northeastward toward the present-day Yellowstone (Pierce and Morgan, 1992). The NB 

























started at ~10 Ma and moved northwest toward the Cascade volcanoes around 2 Ma and then 
ceased (Jordan et al., 2004). The CP was encroached by volcanism migrating inland during late 
Cenozoic (Reid et al., 2009).  
Another major late Cenozoic tectonic event is the B&R extension (McQuarrie and 
Wernicke, 2005), where local extension is up to 200% (Sonder and Jones, 1999). The initiation 
of the B&R extension is debated, but peak deformation occurred in post-20 Ma, with the 
southern B&R extended during the earlier part of this history. The relation between the B&R 
extension and intra-plate volcanism is debated. Some researches proposed a causal relation 
between the two (Gans et al., 1998), but some argue for the opposite (Colgan et al., 2006).  
The topography of western U.S. consists of several high provinces – Sierra Nevada (SN), 
B&R province, RM, and CP (Fig. 1.1). Especially, the edge of CP is higher than its interior, 
forming a bowel shape. Most of these topography features are hard to explain using crustal 
isostasy, and their evolution and origins are still debated (e.g. Liu and Gurnis, 2010; Becker et 
al., 2014; Molnar et al., 2015).  
To understand these tectonic activities, we need to know how the mantle has evolved. 
There has been a lot of research investigating the mantle evolution below the United States 
(U.S.). The first step to tackling this evolution is to understand the geometry and nature of 
mantle structures below the U.S.   
The most accurate mantle structural image comes from seismic observations (e.g. 
Sigloch, 2011; Obrebski et al., 2010; Shen et al., 2013; Schmandt et al., 2012; Schmandt and Lin, 
2014; Gao and Liu, 2015). The recent high-resolution seismic tomography models (e.g. Sigloch, 
2011; Obrebski et al., 2010; Shen et al., 2013; Schmandt and Lin, 2014) and receiver-function 
models (Schmandt et al., 2012; Gao and Liu, 2015) have revealed an unprecedented detailed 
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structure of the U.S. There is a sharp contrast in mantle structures between the western and 
eastern U.S. For the western U.S. (Fig 1.2) (Schmandt et al., 2014), the average lithosphere 
thickness is ~60 km (Hansen et al., 2015). Voluminous slow seismic anomalies exist in the 
shallow upper mantle above 300 km. Within the same depth range, a local fast anomaly centered 
in Nevada extends downward from within the lithosphere. In the north below the Columbia 
Plateau, there is a fast anomaly as well. A subducted slab extends from the west coast to below 
these slow seismic anomalies where the segmented slab form a prominent horse-shoe shape 
below Utah. Below Yellowstone, a slow anomaly with a water-drop shape is observed, which 
extends down to 1200 km, with a thin neck above the transition zone. The eastern U.S. is 
characterized by a thick cratonic lithosphere down to 250 km. Some localized fast anomalies 
extend from the base of the cratonic lithosphere down to more than 660 km. Moving further 
below, the ancient Farallon slab have sunk to the lower mantle (Sigloch, 2011).  
 
Figure 1.2 Mantle seismic structure with that beneath continental North America from Schmandt 
and Lin (2014) and that beyond from Sigloch (2011). The shallow mantle of western U.S. is 
dominated by slow anomalies. The slab is more continuous in the shallow mantle, and is 
segmented in deep mantle. The craton lithosphere is thicker than the western U.S. 









The most intuitive and quantitative way of investigating the mantle evolution is by 
numerical mantle convection models. Various models and different modeling methods have been 
applied to simulate the past dynamics of the mantle below the western U.S. A big category of 
these numerical models is instantaneous models.  For example, Ghosh et al. (2013) incorporated 
present-day mantle structure and topography into one model to study the dynamics of the North 
America plate motion and intra-plate deformation. They concluded that gravitational potential 
energy controls a large part of the deformation in the western U.S. Becker et al. (2014) suggested 
that part of the present-day western U.S. elevation is from present-day mantle flow. Another big 
category is time-dependent models. These models are more capable in understanding problems 
related to the past history. For instance, Liu and Stegman (2012) applied a forward data 
assimilation model that indicates the CRFB is due to the upwelling resulted from slab 
segmentation. Liu and Gurnis (2010) realized an adjoint data assimilation model and proposed 
that the Cenozoic rise of the CP is due to the removal of the Farallon slab and the related 
upwelling. In contrast, Moucha et al. (2009) used a simple backward model to suggest that the 
CP rise is due to the upwelling of hot mantle anomalies.  
All the above models are constrained by seismic tomography for their present-day mantle 
structure. Yet another seismic observation that can constrain the temporal evolution of mantle 
convection is anisotropy. There are two types of mantle anisotropy observations. One is depth-
integrated observation, with the most common one being shear wave splitting, which is mostly 
composed of SKS wave splitting. The observed SKS pattern in the western U.S. is complex (Fig. 
1.1) (Wüstefeld et al., 2009; Becker et al., 2012), which is hard to be explained by simple 
scenarios like trench-normal or trench parallel flow (Long, 2016). Another type of anisotropy is 
depth-dependent observation, including those based on body waves (Huang & Zhao, 2013; 
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Buehler & Shearer, 2014), surface waves (Beghein et al., 2010; Yuan & Romanowicz, 2010; Lin 
et al., 2011; Wagner et al., 2013; Wagner and Long, 2013), receiver functions (Park et al., 2004; 
Nikulin et al., 2009), and Love-to-Rayleigh wave scattering (Rieger and Park, 2010). 
In theory, the more independent observations a model can match, the more physically 
correct the model likely becomes. However, a model that can simultaneously explain multiple 
independent observations discussed above is still lacking. My Ph.D. work is to find a new 
approach to simulate mantle convection and apply it to obtain a model that can match most of the 
independent observations discussed above.    
1.2 Methodology for simulating mantle convection  
In our models, the mantle is approximated as an incompressible Stokes fluid, with three 
governing equations: 
𝛻 ∙ 𝑢 = 0            (1.1) 
𝛻𝑃 + 𝛻 ∙ 𝜂𝛻𝑢 = 𝜌!𝛼∆𝑇𝑔                    (1.2) 
!"
!"
+ 𝑢 ∙ 𝛻𝑇 = 𝜅𝛻!𝑇                                                                                        (1.3) 
where 𝑢 is velocity, P is dynamic pressure, η is dynamic viscosity,  ρm is reference mantle 
density, α is thermal expansion coefficient, ∆𝑇 is temperature anomaly, κ is thermal diffusivity, 
𝑔 is the gravitational acceleration.  
Ideally, the equations should be solved with free-surface velocity boundary condition and 
fixed temperature boundary condition on the upper surface, and its present-day prediction on 
mantle structure could match observation. However, this is still not feasible at current stage for 
real earth simulation. Therefore, data assimilation techniques are the most appropriate way to go. 
Different data assimilation methods have been proposed for different purposes.  
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The sequential (or forward) data assimilation is the most intuitive method. It solves the 
governing equations forward in time and assimilates data whenever available (e.g. Bunge et al., 
2002).  The most commonly assimilated data is plate motion and seafloor age, since they are the 
readily available time-dependent data inferred from plate reconstructions. The plate motion is 
imposed as surface velocity boundary conditions, and the sea-floor age is used to update oceanic 
lithosphere temperature through a half-space cooling formulation. The sequential data 
assimilation can reproduce fine scale slab dynamics (Bower et al., 2015) due to the imposed 
oceanic lithospheric structure (Bower et al., 2015). Liu and Stegman (2011) has shown the 
capability of this method in resolving fine subductioin structure such as slab tears under the 
western U.S. However, this approach misses many other important mantle structures revealed in 
seismic topography.  
Other approaches have been proposed to incorporate all the observed mantle structures, 
including the simple backward-in-time integration (SBI) (Steinberger and O’Connell, 1998; 
Conrad and Gurnis, 2003; Moucha and Forte, 2011), the quasi-reversibility (QRV) method 
(Ismail-Zadeh et al., 2007), and the tomography-based variational (VAR or adjoint) method 
(Ismail-Zadeh et al., 2003, 2004; Bunge et al., 2003; Liu and Gurnis, 2008).  
The SBI method reads in the present-day mantle structure and solves (1.1) – (1.3) 
backward in time, either neglecting thermal diffusion (e.g. Steinberger and O’Connell, 1998) or 
using normal diffusion (e.g. Liu and Gurnis, 2008). But this method violates the physical law of 
thermal diffusion and the problems, like instability, of this violation increase when running the 
model further backward in time. The QRV method has been proposed to overcome the instability 
problem by introducing a higher-order diffusion term (Ismail-Zadeh et al., 2007).  
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The VAR/adjoint approach assimilates mantle structures from a different view. It updates 
the initial condition of a model by ‘forcing’ the prediction of the model on present-day to match 
the observation through an iterative forward-backward scheme (e.g. Bunge et al., 2003). In 
practice, the method starts with a first guess of the initial condition, normally from the SBI 
method. And then the method runs a forward iteration to predict present-day mantle structure. 
The difference between prediction and observation is integrated back to the initial time to correct 





+ 𝑢 ∙ ∇𝜆 + 𝜅∇!𝜆        (1.5) 
𝐽 = (𝑇! − 𝑇!)!𝑑𝑣
 
!         (1.6) 
where  𝐽 is the cost functional to be minimized, 𝜆 is the adjoint temperature, 𝑢 is velocity, 
𝑇! is the predicted temperature field at present-day, 𝑇! is the reference temperature field, κ is 
thermal diffusivity. This forward-backward scheme is operated iteratively until a good match on 
present-day structure is reached. The adjoint method is more physically valid than the SBI and 
VAR methods since it handles thermal diffusion properly. But the forward-backward iterations 
are more computationally expensive.  
1.3 Outline of this dissertation  
My dissertation starts with a new approach we proposed in Chapter 2 to restore past 
mantle dynamics. This new hybrid approach is essentially a combination of the forward and 
adjoint methods. We applied this approach to North America and compared the restored mantle 
evolution with other results from other methods to prove its effectiveness. Then my dissertation 
discusses the implication of the hybrid model from the new approach on the formation of intra-
plate volcanism of the western U.S. in Chapter 2. Our model provides a new mechanism for 
understanding this long debated issue. Another independent validation on our model is shown in 
Chapter 4, where we manage to predict the western U.S. shear wave splitting (SKS) observation 
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that demonstrates complex patterns whose origin has been puzzling. Our model provides a 
prediction that can match these observations well. In the last chapter, Chapter 5, we present the 
conclusions. The fact that our model could consistently match several independent observations 
validates its physical meaning and the new hybrind approach for simulating mantle convection.  
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A HYBRID APPROACH TO DATA ASSIMILATION FOR RECONSTRUCTING THE 
EVOLUTION OF MANTLE DYNAMICS 
Abstract1 
Quantifying past mantle dynamic processes represents a major challenge in 
understanding the temporal evolution of the solid earth. Mantle convection modeling with data 
assimilation is one of the most powerful tools to investigate the dynamics of plate subduction 
and mantle convection. Although various data assimilation methods, both forward and inverse, 
have been created, these methods all have limitations in their capabilities to represent the real 
earth. Pure forward models tend to miss important mantle structures due to the incorrect initial 
condition and thus may lead to incorrect mantle evolution. In contrast, pure tomography-based 
models cannot effectively resolve the fine slab structure and would fail to capture important 
subduction-zone dynamic processes. Here we propose a hybrid data assimilation approach that 
combines the unique power of the sequential and adjoint algorithms, which can properly capture 
the detailed evolution of the downgoing slab and the tomographically constrained mantle 
structures, respectively. We apply this new method to reconstructing mantle dynamics below the 
western U.S. while considering large lateral viscosity variations. By comparing this result with 
those from several existing data assimilation methods, we demonstrate that the hybrid modeling 
approach recovers the realistic 4-D mantle dynamics the best.  
 
1This work has been published on Geochemistry, Geophysics, Geosystems as: Zhou, Q., & Liu, 
L. (2017). A hybrid approach to data assimilation for reconstructing the evolution of mantle 
dynamics. Geochemistry, Geophysics, Geosystems, 18(11), 3854-3868. All figures, tables and 
data were created by Quan Zhou and his colleague unless otherwise indicated.  
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2.1 Introduction 
Since the proposal of mantle convection theory in 1930s (Holmes, 1931, 1933), it has 
been well established that subduction and convection control both internal and surface processes 
of the earth on the time scale from millions to billions of years. For example, tectonic plate 
motion is generally considered the surface manifestation of mantle convection (Davies, 1999). 
Past subduction of oceanic lithosphere formed the prominent fast seismic anomalies in the deep 
mantle (e.g. Bunge and Grand, 2000; Richards and Engebreston, 1992). Mantle flow generates 
vertical stresses at the base of the lithosphere and thus modulates surface elevation, i.e. dynamic 
topography, over a spatial scale of hundreds to thousands of kilometers (e.g. Hager et al., 1984; 
Gurnis, 1993; Flament et al., 2013; Liu, 2015), which in turn can affect geomorphological 
evolution (Shephard et al., 2010; Braun et al., 2013; Liu, 2014) and sea level change (Spasojevic 
et al., 2008; Conrad, 2013). Furthermore, subduction and mantle convection could redistribute 
hot mantle anomalies (Schuberth et al., 2009) and induce intra-plate volcanism (Liu and Zhou, 
2015; Hassan et al., 2016).  
An improved understanding of these fundamental Earth problems requires a 
quantification of the underlying mantle dynamics. On the one hand, geophysical observations 
including mantle tomography and gravity provide valuable constraints on the present-day mantle 
buoyancy (Gurnis et al., 2000; Liu et al., 2008; French and Romanowicz, 2015; Schmandt and 
Lin, 2014; Gao and Shen, 2014; Shen and Ritzwoller, 2016) and viscosity structures (Hager et 
al., 1984; King and Masters, 1992; Karato, 1993; Rudolf et al., 2015; Liu and Hasterok, 2016). 
On the other hand, significant efforts also occurred on understanding the past mantle evolution. 
Central to these efforts lies computer modeling of mantle structures using mathematical 
algorithms for data assimilation (e.g. Ismail-Zadeh et al., 2016). Although much has been learned 
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about the temporal evolution of the solid Earth, there are still many remaining problems (e.g., 
Liu, 2015). Two major challenges concern the limited resolution of tomography in representing 
real mantle structures and the intrinsically unknown initial condition of mantle. To solve these 
problems, researchers have invented several different data assimilation methods, all of which 
have advantages and disadvantages in reproducing the true history of mantle convection.  
The sequential (or forward) data assimilation solves the governing equations forward in 
time, while updating the model at times when observational constraints are available (e.g. Bunge 
et al., 2002). The commonly assimilated data include plate motion history and seafloor ages, with 
the former used as imposed surface velocity and the latter for updating the upper thermal 
boundary layer over time. With a realistic thermal structure of the subducting oceanic 
lithosphere, the model can reproduce slab structures finer than that resolved in seismic 
tomography (Bower et al., 2015). With properly defined viscosity parameters, these models can 
further capture complex subduction dynamics like slab tears (Liu and Stegman, 2011). However, 
a potentially significant problem in this modeling approach is the lack of a well-constrained 
initial mantle state.  
Existing approaches to overcoming the problem of uncertain initial condition include the 
simple backward-in-time integration (SBI) (Steinberger and O’Connell, 1998; Conrad and 
Gurnis, 2003; Moucha and Forte, 2011), the quasi-reversibility (QRV) method (Ismail-Zadeh et 
al., 2007), and the tomography-based variational (VAR or adjoint) method (Ismail-Zadeh et al., 
2003, 2004; Bunge et al., 2003; Liu and Gurnis, 2008).  
The SBI approach approximates past mantle states by running the advection equation 
backward in time, while either neglecting thermal diffusion (e.g., Steinberger and O’Connell, 
1998) or using normal diffusion (e.g., Liu and Gurnis, 2008). However, this approach becomes 
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increasingly inappropriate when it is applied further backward in time for situations where 
diffusion is important. To solve this problem, the QRV method integrates backward in time by 
introducing an additional higher-order diffusion term that attempts to stabilize the solution 
(Ismail-Zadeh et al., 2007). Relative to SBI, the QRV method considers thermal diffusion in a 
proper way, where the additional diffusion term represents heat relaxation. Both SBI and QRV 
methods start with the present-day mantle structure, usually converted from seismic tomography.  
The VAR (adjoint) method solves the initial condition problem through an iterative 
forward-backward approach (e.g., Bunge et al., 2003). In practice, the adjoint method starts with 
a first guess of the initial condition, normally generated from the SBI (Ismail-Zadeh et al., 2004; 
Liu and Gurnis, 2008; Horbach et al., 2014). And then a forward integration predicts the present-
day mantle structure, whose difference from the observed structure is integrated back to the 
initial time using the adjoint solver, correcting the initial condition. This process continues 
iteratively until a good match with the reference present-day structure is achieved. Relatively 
speaking, the initial condition derived from the adjoint method is more physically valid, 
compared to the SBI and QRV methods. However, the adjoint approach is more expensive as it 
requires iterations. Previous works using this method have considered either only vertical 
viscosity (Bunge et al., 2003) or mild lateral viscosity variations (less than two orders of 
magnitude) (Liu and Gurnis, 2008; Ismail-Zadeh et al., 2004), but the real mantle has a much 
more extreme lateral viscosity variations (larger than four orders of magnitude).  
Compared to the sequential data assimilation, a common problem for all these inverse 
approaches, including SBI, QRV and VAR, is that they have limited capability in reproducing 
nonlinear subduction dynamics. For example, they cannot accurately reconstruct complex mantle 
processes like slab buckling and tearing, both of which require representation of fine-scale 
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structures that models based on blurry tomography images could not capture. Thus, to achieve 
both accurate slab structure/deformation and a tomography-constrained initial condition, we 
introduce a hybrid (HYB) data assimilation method that combines the sequential and adjoint data 
assimilation methods.  
The general procedure of this HYB data assimilation is summarized as following: First, 
we obtain a rough estimate of the initial condition through SBI. Second, we apply the sequential 
method to forward predict the present-day mantle structure. Third, we introduce the adjoint 
method to further refine the initial condition and subsequent mantle evolution. During these 
iterations, we avoid updating the actively subducting slab above a certain depth at the initial 
time, in order to preserve the detailed slab geometry inside the blurrier tomography image. This 
process iterates until a good match between the predicted and observed present-day mantle 
structures is achieved.  
In the following sections, we demonstrate the detailed approach of this hybrid data 
assimilation, as well as its comparison with several other methods outlined above. We apply 
these methods to the reconstruction of past subduction and convection beneath the western North 
America since 20 million years ago (Ma).  
2.2 Methods 
2.2.1 Governing equations 
The mantle could be approximated as either compressible (Turcotte et al., 1974; 
Bercovici et al., 1992; Leng and Zhong, 2008; Ghelichkhan and Bunge, 2016) or incompressible 
fluid. In our models, the mantle is approximated as an incompressible fluid that has a variable 
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viscosity and satisfies the Boussinesq approximation. The governing equations for the forward 
thermal-mechanical mantle convection are: 
𝛻 ∙ 𝑢 = 0            (2.1) 
𝛻𝑃 + 𝛻 ∙ 𝜂𝛻𝑢 = 𝜌!𝛼∆𝑇𝑔                    (2.2) 
!"
!"
+ 𝑢 ∙ 𝛻𝑇 = 𝜅𝛻!𝑇                                                                                        (2.3) 
where 𝑢 is velocity, P dynamic pressure, η dynamic viscosity,  ρm reference mantle 
density, α thermal expansion coefficient, ∆𝑇 temperature anomaly, κ thermal diffusivity, and 𝑔  
the gravitational acceleration.  
In the sequential (or forward) data assimilation, to produce accurate slab geometry and 
deformation, a key modeling effort is to produce one-sided subduction. There are at least two 
published ways to realize this: either defining a low-viscosity zone along subduction zones to 
facilitate subduction (Liu and Stegman, 2011), or prescribing the geometry of the subducting 
slab down to upper mantle depths at each time step (Bower et al., 2015). In this paper, we take 
the first approach that allows the slab to emerge more naturally and dynamically from the upper 
thermal boundary layer.  
The SBI data assimilation solves the same governing equations (Eqn.1-3), but with a 
negative gravitational acceleration in order to approximate the backward-in-time advection 
(Conrad and Gurnis, 2003). 
There are two ways to implement the VAR data assimilation. One is to solve the full set 
of adjoint equations including those to both the momentum and the energy equations (Bunge et 
al., 2003; Colli et al., 2017; Li et al., 2017). Another approach is to only solve the adjoint of the 
energy equation, with the mantle velocities read in from the previous forward model run (Liu and 
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Gurnis, 2008). Here, since we consider strong lateral viscosity variations (up to 104 with 100 km 
distance), which lead to complex mantle flow, we adopt the second approach that is 





+ 𝑢 ∙ ∇𝜆 + 𝜅∇!𝜆        (2.4) 
𝐽 = (𝑇! − 𝑇!)!𝑑𝑣
 
!         (2.5) 
where 𝐽 is the cost functional to be minimized,  and 𝜆 is the adjoint quantity, 𝑢 is velocity, 𝑇! is 
the predicted temperature field at present-day, 𝑇! is the reference temperature field, κ is thermal 
diffusivity. In effect, the adjoint equation (4) is integrated backward in time, where the residual 
between the predicted and observed temperature fields at present-day acts as the initial condition 
for the adjoint quantity (Bunge et al., 2003).  
Both the forward data assimilation (Liu and Stegman, 2011) and adjoint data assimilation 
(Liu and Gurnis, 2008) are implemented in the CitcomS software (Tan et al., 2006; Zhong et al., 
2008).       
2.2.2 Reconstructing mantle evolution below the western U.S. 
The western U.S. is bounded by the Rocky Mountains on the east and the Cascadia 
subduction zone on the west, along which the Farallon plate has been subducting beneath North 
America since as early as 150 Ma (Seton et al., 2012). In this study, we focus on the late 
Cenozoic subduction and convection. Since 20 Ma, a variety of geological events occurred in the 
western U.S. For example, widespread intra-plate volcanism occurred, including the mid-
Miocene Steens-Columbia River Flood Basalt (SCRB) and the subsequent Yellowstone (YS) and 
Newberry (NB) hotspot tracks toward the present (Camp et al., 2004). During this history, 
significant extension up to 200% swept across the Basin and Range (B and R) province. In 
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addition, the western U.S. has high topography at the present, and some studies attribute this to 
uplift during the last 20 My (Karlstrom et al., 2012; Figueroa and Knott, 2010). The widespread 
geological processes in the western U.S. imply complex mantle evolution and make the region an 
ideal place to test different data assimilation methods.  
2.2.3 Model setup 
We use regional models to achieve a high numerical resolution over the western U.S. The 
model spans 70° × 100° × 2890 km in latitude × longitude × radius, a region much larger than 
the western U.S., the area of interest. The larger model domain helps to minimize the edge 
effects due to the reflective sidewalls (Jadamec and Billen, 2010; Liu and Stegman, 2011). The 
mesh resolution varies geographically and radially, so that it best resolves the upper mantle 
below the western U.S., with the smallest grid size being ~7 km in the radial direction and ~ 10 
km in the horizontal directions.  
 
Figure 2.1 Plate motion and seafloor age at 20, 10, and 0 million years ago (Ma). In the last 20 
million years (My), the JF has been continuously subducting below the NA. Pacific: Pacific 
plate; JF: Juan-de Fuca plate; NA: North America plate. 
For all the models, we assimilate plate motions as the surface velocity boundary 
condition (Fig. 2.1), while the side walls and the bottom (core-mantle boundary) are free-slip. To 
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accommodate the B and R extension within the western U.S., we further incorporate temporally 
evolving plate boundaries to track the position of the subduction zone. We calculate the 
retreating rate of the trench from their paleo-longitude and interpolate this velocity between the 
trench and the stable North America within a 300-km wide region. The plate boundary is also 
used to define a dipping weak zone above the downgoing slab to facilitate subduction (Liu and 
Stegman, 2011; Hu et al., 2016).  
Temperature boundary conditions are different among different data assimilation 
methods. For sequential data assimilation and the forward modeling part of the hybrid method, 
we update the upper temperature boundary layer by assimilating seafloor age (Fig. 2.1; Seton et 
al., 2012) within the oceanic lithosphere following a plate model (Hasterok, 2011); the 
continental lithosphere has the same temperature as the ambient mantle in order to maintain its 
neutral buoyancy. For other assimilation schemes, we assume a zero heat flux boundary at the 
surface. The CMB has a constant temperature, and the sidewalls have a zero heat-flux condition 
in all models.  
2.2.4 Viscosity and density structures 
In all the models, we adopt a viscosity structure that is both depth- and temperature-
dependent. The background 1-D viscosity profile is adjusted such that the predicted slab 
structure in the sequential assimilation best matches the tomographically observed mantle 
structure (Liu and Stegman, 2011; Hu et al., 2017). The resulting background mantle viscosity 
(Fig. 2.2) has a four-layer structure. The lithosphere has a viscosity of 2x1020 Pa S, and that of 




Figure 2.2 Illustration of the viscosity structure of the mantle. The background mantle has a 
four-layer viscosity structure. The lithosphere (above 100 km) has a viscosity of 2x1020 Pa S, and 
that of the asthenosphere (100 – 410 km), transition zone (410 – 660 km), and lower mantle 
(below 660 km) is 5 x 1019, 1.5x1021, and 2x1022 Pa S, respectively. The viscosity is also 
temperature-dependent. Thus, the cold oceanic lithosphere and slab have high viscosity. A high-
viscosity upper plate is also assimilated. In addition, a dipping weak zone with ~100-km 
thickness down to 100 km depth is imposed between the subducting and overriding plates. The 
model also includes a weak mantle wedge extending down to a maximum depth of 200 km above 
the down-going slab. These low-viscosity structures facilitate one-side subduction. 
The lateral viscosity variation is achieved through a combination of parameterized weak 
zones along the subduction zone and its dependence on temperature (Fig. 2.2). A dipping weak 
zone with ~100-km thickness down to 100 km depth is imposed between the subducting and 
overriding plates. This defines a gradual transition of viscosity from the center of the weak zone 
to the interior of the slab. A weak mantle wedge extending down to a maximum depth of 200 km 
above the down-going slab (Manea and Gurnis, 2007; Liu and Stegman, 2011) is applied to 
facilitate one-side subduction (Fig. 2.2). The temperature-dependence of viscosity follows the 
Arrehenius laws:  
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where η! is reference viscosity with a value of 1021 Pa s. E is the activation energy. Tm is 
ambient mantle temperature and Toff is activation temperature. Values of these parameters are 
listed in Table 1.  
 
The density structure is defined through effective temperature variations, as we only 
consider thermal-mechanical convection in this study. We convert seismic velocity anomalies 
(Schmandt and Lin, 2014; Sigloch, 2011) into temperature perturbations using a scaling 
discussed below. The seismic structure for the mantle down to 1200 km depth beneath the North 
American continent is adopted from Schmandt and Lin (2014). Since mantle structures beneath 
the Juan de Fuca and Pacific plates is also important for understanding convection beneath North 
America but are not present in the tomography by Schmandt and Lin (2014), we extend this 
mantle structure further into the surrounding oceanic parts and down to the core-mantle 
boundary using the larger-scale regional tomography model from Sigloch (2011). We use a 
linear transition function with a width of 200 km to merge these two tomography models. This 
composite tomography image provides a spatially adequate reference state for reconstructing 
mantle evolution beneath the western U.S. since 20 Ma. 
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 26 
We also consider complexities associated with composition and phase changes during the 
seismic-to-temperature conversion. On the one hand, the strongest slow seismic anomalies (as 
large as -8%) are mostly located beneath active volcanic regions such as Yellowstone, and recent 
studies suggest that slow anomalies with magnitude larger than 5% are likely due to partial melt 
(Huang et al., 2015). On the other hand, extreme values (>7%) of fast seismic anomalies are 
usually found in the cratonic lithosphere whose seismic properties are likely compositionally 
controlled. Therefore, we trim the extreme values of these seismic anomalies, and apply a scaling 
such that fast anomalies below 4% is linearly converted to temperature perturbations within (-
700 °C, 0 °C), and slow anomalies below 3% is linearly converted to (0 °C, 200 °C). Thus 
estimated low temperatures are consistent with that from the forward predicted slabs (Figs. 2.3a, 
2.4a). The high temperatures are equivalent to the maximum estimates of excess temperature in 
the sub-Yellowstone upper mantle (Schmandt et al., 2012; Gao and Liu, 2014; Leeman et al., 
2009). With this reference temperature structure, we then carry out and evaluate the different 
data assimilation models.  
2.2.5 Implementation of the hybrid data assimilation method 
Here we provide a detailed description of the new hybrid (HYB) data assimilation. We 
first perform a forward subduction model that starts from 40 million years ago (Ma) and whose 
present-day prediction (Figs. 2.3a, 2.4a) largely matches the observed fast seismic anomalies 
beneath the western U.S. (Figs. 2.3b, 2.4b), similar to that done in Liu and Stegman (2011). 
Then, we rerun the forward model using the same dynamic parameters from 25 to 18 Ma, by 
when the subducting slab reaches 200 km depth. Second, we create a first guess of the initial 
condition at 18 Ma (Fig. 2.5a) by embedding this subduction system within an ambient mantle 
structure that has only cold anomalies; this ambient structure is estimated from the present-day 
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reference state through a SBI run back to this time. Third, we introduce the iterative adjoint 
algorithm to further correct the cold anomalies that are not predicted from the forward iterations. 
For example, the first forward iteration predicts a slab pile (Fig. 2.5b) that deviates significantly 
from the tomographic image. By forcing this prediction to match the observed structure, we 
update the initial condition iteratively till a convergence is reach after 25 iterations (Fig. 2.5c, 
2.5d). During these iterations, we do not update the actively subducting slab above 200 km at 18 
 
Figure 2.3 Predicted present-day mantle thermal structure and velocity from different models. a) 
Forward assimilation predicts several key fast seismic features (dotted circles) within the 
western U.S.. However, the forward model has no mantle structures other than the slab. b) SBI 
model. All the velocities are plotted in the forward-time sense. The thermal structure is converted 
from a combination of two seismic tomography observations (Sigloch, 2011; Schmandt & Lin, 
2014). c) Adjoint model. The reproduced present-day structure largely matches the observation 
(b). d) Hybrid model. The predicted slab structures match the key fast seismic features as those 
in the forward model, and other hot and cold anomalies match observations as those in the 
adjoint model. Note the different mantle flow patterns among these models.  
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Ma. Consequently, this leads to an accurate prediction of slab geometry that resides within the 
blurrier tomography-based mantle image (Figs. 2.3d, 2.4d). Finally, we further update both the 
cold and hot mantle anomalies, starting with the earlier converged configuration of cold 
anomalies (Fig. 2.5d). A final converged solution is reached after 32 iterations (Fig. 2.5e, 2.5f), 
where all hot anomalies are incorporated and the slab geometry is further improved compared to 
iteration 25 (Fig. 2.5c). 
 
Figure 2.4 Predicted mantle evolution along latitude 41°. a) Forward model. The slab tears 
during the mid- and late Miocene. b) SBI model. Two problems exist with this model: first, 
thermal gradients of mantle anomalies become sharper forward in time; second slab piece B is 
reconstructed to under the continental side at 18 Ma. c) Adjoint model. Compared to b, thermal 
anomalies become smoother forward in time. However, part of slab piece B is still reconstructed 
to the continental side at 18 Ma. In addition, slab piece C is restored to underneath the mid-
ocean ridge. d) Hybrid model. The mantle evolution in this model is the most realistic among all 
models. Its slab behavior is similar to that in the forward model (a). Note that when the slab 
tears, the hot anomalies below the oceanic lithosphere intruded into the continent through the 
slab gaps. 
We find that the first guess of the initial mantle state at 20 Ma could affect the final 
solution of the hybrid inversion, similar to the conclusion for the pure adjoint assimilation (Liu 
and Gurnis, 2008). This is due to the strong nonlinearity of mantle evolution close to a 






















































subduction zone, where an optimal guess of initial condition is preferred. In practice, the above 
described hybrid assimilation scheme represents an efficient way to reach a reasonable final 
solution, because the introduction of the forward-simulated slab during the first iteration helps to 
establish the large-scale mantle flow from the beginning of the iterative process. This slab-
dominant flow is consistent with what occurs beneath South America (Hu et al., 2017). The 
relatively stable mantle flow facilitates the recovery of, during subsequent iterations, other 
mantle structures, most of which affect mantle deformation more locally. 
 
Figure 2.5 Reconstructed mantle initial conditions and present-day structure for iterations 1, 25, 
and 32 of the hybrid model. The fast anomalies are recovered first (iterations 1 and 25), followed 
by the recovery of hot anomalies (iteration 32). 
Mathematically, the slab-controlled large-scale flow pattern (e.g., Hu et al., 2017) 
dominates mantle flow, and is not easily affected by other processes. When other mantle 
components are added, the mantle flow would be modified, but the slab behavior and its effect 
on mantle flow remain largely unchanged. Following the same principle, during the subsequent 
iterations, we first recover all the cold anomalies (Fig. 2.5b), whose high viscosity results in 
more sluggish movement in the mantle. After reaching convergence, we further recover the hot 
and low-viscosity anomalies (Fig. 2.5c), whose trajectory is largely subject to that of the cold 
mantle structures (Leonard and Liu, 2016). This step-wise, multi-scale solver of forward-adjoint 
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inversion best linearizes the otherwise highly non-linear mantle dynamics due to the existence of 
high-temperature, low-viscosity dynamic structures. We reiterate that due to the hybrid nature of 
this inversion and the higher accuracy of seafloor age for defining slab geometry than the seismic 
image, we do not force the present-day mantle to match tomography at every detail. Instead, we 
look for a model that satisfies the exact seafloor age constraint (reflected in the forwardly 
predicted slab configuration) and the overall pattern (at a wavelength no smaller than that of the 
forward-predicted slab) of other seismic anomalies at the present-day. 
2.3 Results  
Here we compare the modeling results on the temporal evolution of mantle structures 
beneath North America from the sequential, the SBI, the VAR, and the HYB data assimilation 
algorithms. Since these approaches differ in both methodology and predictions, there is no 
standard way to quantify the pros and cons of these methods. Instead, we focus on their 
respective mantle evolution and discuss to what extent these models conform to physical 
intuition and match geological observations. 
2.3.1 Sequential data assimilation 
The sequential data assimilation model starts from 40 Ma with an empty mantle. The 
results are largely the same as those in Liu and Stegman (2011). Here we provide a quick 
summary of the results. The model predicts several key fast seismic features within the western 
U.S. (Fig. 2.3a): the linear Juan de Fuca slab above 200 km beneath the Pacific Northwest, a 
distorted and segmented slab structure at 300 km beneath Nevada, and a ‘horseshoe’ structure at 
500 km below Nevada, Utah and Idaho. The match between model prediction and observation 
(Fig. 2.3b) verifies that these fast seismic anomalies below the western U.S. are segmented slabs 
(Liu and Stegman, 2011).  
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During the subduction history of the Juan de Fuca slab, one important nonlinear slab 
behavior is tearing (Fig. 2.4a). At mid-Miocene, a major slab tear occurred along the center of 
the Juan de Fuca trench, as is due to excessive sub-slab pressure overcoming the small viscous 
strength of the young slab (Liu and Stegman, 2011). The resulting upwelling through the slab 
gap has been proposed to cause the intra-plate SCRB (Liu and Stegman, 2012). This broken slab 
was subsequently folded into a ‘horseshoe’ shape driven by torodial flow around slab edges (Fig. 
2.3a). There were additional slab tearing events during the late Miocene (Fig. 2.4a), which 
ultimately leads to the present-day complex slab geometry. This segmented slab geometry is best 
viewed in the west-east direction along 41° (Fig. 2.4a).  
Relative to the inverse models (more discussion later), the sequential model has more-
clearly defined oceanic lithosphere and slab geometry, with the implication that the resulting slab 
dynamics, including extreme deformation and tearing, is better reproduced. This forward 
modeling approach also helps to constrain uncertain physical parameters, such as mantle and slab 
viscosities (Liu and Stegman, 2011). While the forward model matches both the present-day slab 
geometry and the SCRB formation, there are still many mantle structures missing from its 
prediction. These include the widespread slow seismic anomalies inside the uppermost mantle of 
the western U.S., and the voluminous fast anomalies representing the craton lithosphere and the 
relics of the ancient Farallon slab below the central and eastern U.S. (Figs. 2.3b, 2.4b). It is 
anticipated that these missing structures should have important effects on mantle flow and 
associated surface effects, especially to the east of the western U.S. Therefore, the forward model 
has a limited application in regions beyond the western U.S. In contrast, the inverse methods 
(SBI, VAR and HYB) complement the forward approach by better capturing other 3D mantle 
structures and associated dynamics. 
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2.3.2 SBI data assimilation 
The SBI model starts from the present reference mantle thermal state, whose construction 
is discussed in section 2.2.2. To facilitate understanding, all the figures (Fig. 2.3b, 2.4b, 2.6b) are 
plotted in a forward-time sense.  
 
Figure 2.6 Recovered initial conditions (18 Ma) in map view from different models. a) Forward 
model has only the cold slab. b) SBI model. Both cold and hot anomalies are present. Problems 
with this initial condition include: First, most of the shallow slab pieces are advected to the 
continental side; Second, different parts of the present-day slab evolve distinctly rather than 
coherently backward in time, leading to isolated cold anomalies within the oceanic lithosphere 
at 18 Ma. c) Adjoint model. Better recovered initial condition than that in b, but the 
reconstructed oceanic lithosphere still has lateral heterogeneities. Furthermore, hot mantle 
below the western U.S. is inconsistent with its volcanic history, e.g., Yellowstone volcanism 
formed much later. d) Hybrid model. The initial condition is more physically and geologically 
reasonable than all other models. For example, the oceanic lithosphere is spatially uniform due 
to the assimilation of seafloor age, and there is little hot mantle beneath the YS region.   
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The SBI model demonstrates significant differences from the sequential model. First, the 
voluminous cold anomalies below the continent, not captured in the forward model, induce 
regional downwelling and lateral flow (Fig. 2.4b), in contrast to the dominantly horizontal return 
flow in the sequential model (Fig. 2.4a). Second, the hot anomalies below the western U.S., also 
absent in the forward model, generate more extensive local variations of mantle flow (Fig. 2.3b) 
than that in the forward model (Fig. 2.3a). These hot anomalies are mostly restored to below the 
oceanic lithosphere backward in time, with smaller amount below the continent (Fig. 2.4b, 2.5b). 
In fact, these dynamic processes are characteristic for all the inverse models due to the presence 
of additional cold and hot anomalies.  
Although the SBI model incorporates more mantle structures than the forward model, it 
clearly violates the second law of thermodynamics (Bunge et al., 2003). As a result, this could 
result in non-physical solutions. First, the thermal gradients of mantle anomalies become sharper 
forward in time (Figs. 2.3b, 2.4b), which is against the effect of thermal diffusion. In the SBI 
model, even if thermal diffusion is set to a much-reduced value, numerical diffusion has a similar 
effect on temperature gradients, leading to progressively smoother mantle structures backward in 
time. Second, the SBI-inferred subduction history is not physically correct. Intuitively, the 
segmented slab should be all reconstructed back to the oceanic lithosphere at 20 Ma. However, 
most of the shallow slab pieces are advected toward the continental side (e.g., slab piece B in Fig. 
2.4b). This phenomenon is due to the lack of a continuous stress guide connecting the oceanic 
plate and the present-day deep slab pile (Liu et al., 2008). Consequently, neither the resulting 
slab position nor its geometry is correct. For the same reason, the different parts of the present 
slab evolve distinctly rather than coherently backward in time, leading to isolated cold anomalies 
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across the mantle at 18 Ma  (slab segments A-C in Fig. 2.4b). These problems restrict the 
application of the SBI model in addressing real geological problems.  
2.3.3 Adjoint data assimilation 
 
Figure 2.7 Predictions of the initial condition and present-day structure from iterations 1, 4, and 
8 of the adjoint model. Large-scale features are reconstructed in the first few iterations (a & b). 
Finer structures are restored after more iterations (c-f). For instance, slab piece C, which is a 
small feature, is reconstructed after iteration 8. g) Root mean square (RMS) residuals of the 
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The adjoint (VAR) data assimilation model reaches convergence after about 8 iterations 
(Fig. 2.7). During this process, the large-scale features converge to the reference states more 
quickly than the fine-scale structures, providing another theoretical basis for the multiple-scale 
recovery strategy for the HYB approach as discussed above. The final converged adjoint solution 
is superior to the SBI model in several aspects. First, the thermal anomalies became smoother 
forward in time, consistent with the effect of thermal diffusion. Second, a larger number of 
small-scale mantle structures are recovered backward in time. Third, the restored position and 
continuity of the slab are more realistic compared to the SBI solution (Fig. 2.4b, 2.4c). Otherwise, 
mantle structures and evolution in the adjoint model are similar to those in the SBI model.  
There are some limitations in the results from the adjoint model. First, the recovered 
initial condition is still not entirely realistic (Fig. 2.6c). In reality, the pre-subduction oceanic 
lithosphere should be a continuous plate, but the resolved Juan de Fuca lithosphere has strong 
lateral variations in the map view (Fig. 2.6c), although less of a problem than the SBI case (Fig. 
2.6b). In practice, this is because the present-day ‘horseshoe’ slab pile at transition zone depths is 
reconstructed back to the surface, during which this structure was not properly unbuckled to 
restore to a perfect tabular configuration. This indicates that the adjoint inversion, although 
useful in recovering large-scale features, cannot reproduce all fine-scale structures, especially 
those associated with the subducting slab. Second, the adjoint model restores the slab piece C to 
underneath the mid-ocean ridge (Fig. 2.4c, 2.6c). Although this result is mathematically valid 
due to the conservation of mass and energy, meaning all cold and hot anomalies will remain in 
the model domain, such a modeled structure is not physically valid. Consequently, the model 
needs to better confirm to the natural boundary condition, i.e., new oceanic lithosphere is formed 
at the mid-ocean ridge following the cooling of the lithosphere during seafloor spreading.  
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The above two problems are intrinsic to the current adjoint algorithm (Liu and Gurnis, 
2008). Because the adjoint model heavily relies on the present-day mantle structure that is based 
entirely on seismic tomography, the finite seismic resolution renders the inverse model incapable 
of recovering fine-scale, especially non-linear, dynamic processes, like slab tearing behavior. 
Therefore, the recovered oceanic plate inherits the small-scale inhomogeneity within the present 
highly deformed slab (Fig. 2.6c). The adjoint algorithm used here does not use the evolving 
seafloor age as model input, and thus cannot properly simulate the growth of oceanic lithosphere 
from a hot mid-ocean ridge (Fig. 2.4c). Furthermore, the recovered initial condition has 
prominent hot anomalies beneath both the ocean and the continent (Fig. 2.6c). This is due to 
symmetric spreading of these low-viscosity mantle structures backward in time, due to the lack 
of a coherent tabular slab that regulates asymmetric mantle flow. We believe that these hot 
anomalies are not properly restored, because their presence along the entire Yellowstone hotspot 
track at 18 Ma (Fig. 2.6c) violates the geological observation that volcanism propagated 
eastward and reached Yellowstone around 2 Ma (Camp et al., 2004). Consequently, geological 
records should be used as additional constraints in the construction of an inverse model.  
2.3.4 Hybrid data assimilation 
To solve the common problem of the SBI and VAR models that neither slab tearing nor 
slab deformation history could be properly reproduced, we further introduce the hybrid (HYB) 
model that combines the forward data assimilation with the adjoint algorithm. The results of the 
hybrid model are notably better than those of the other inverse models.  
Compared with the SBI and VAR models, the hybrid model has a more physical 
representation of slab evolution. First, the recovered initial condition has a shallower slab piece 
A, allowing the formation of a continuous subducting slab (Fig. 2.4d), similar to that in the 
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sequential model (Fig. 2.4a). This is because the subducted slab remains as a stress guide during 
all iterations, and thus moves coherently through time. Second, the initial oceanic plate is 
spatially uniform, mostly due to the assimilation of seafloor age. Third, the model has similarly 
realistic slab deformation as that in the sequential model: In the mid-Miocene, the slab breaks 
beneath the SCRB, and multiple slab tears form subsequently.  
 
Figure 2.8 Comparison of mantle flow at 250 km depth from the hybrid model (a) and the VAR 
model (b). A strong toroidal mantle flow surrounding the southern slab edge is present in the 
hybrid model, due to the continuous slab subduction and trench retreat. This flow brings hot 
mantle from the oceanic side to the continental side. The toroidal flow is missing in the VAR 
model, where velocities are either opposite or orthogonal to their counterparts in the hybrid 
model.  
The more physical slab evolution in the hybrid model also leads to a different mantle 
flow pattern in the asthenosphere than the other models. The continuous slab subduction and 
trench retreat introduce strong toroidal flow to the south of the Juan de Fuca slab, with the 
oceanic mantle flowing toward the continental side (Fig. 2.8a). This flow is largely missing in 
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slab-tearing events generate strong poloidal mantle flow from beneath the slab to above through 
the growing slab gap (Fig. 2.4d). In the time-reversal sense, these regional flows allow the 
present-day shallow hot anomalies beneath the western U.S. to be restored to blow the oceanic 
lithosphere prior to 16 Ma, while the SBI and VAR models, without slab-tear-associated poloidal 
flow, has much of these hot anomalies lying below the continent back then (Fig. 2.4). 
Because of the better-resolved slab geometry and mantle flow, the recovery of sub-slab 
hot anomalies in the HYB model is also more realistic (Fig. 2.4d) than the other models (Fig. 
2.4b, 2.4c). Most of the hot anomalies are restored to beneath the oceanic lithosphere, and are 
concentrated around the mid-ocean ridge, instead of being more distributed inland as in the SBI 
and VAR models (Figs. 2.4, 2.6). At mid-Miocene, the hot anomalies intruded into the continent 
side through the emerging slab tear, consistent with the SCRB formation. At 4 Ma, more sub-
slab hot mantle enters the mantle wedge through a secondary slab tear. Afterwards, the intruded 
hot mantle moved further inland. The resulting evolution of the hot anomalies in the HYB case is 
more consistent with the history of intra-plate volcanism over the western U.S. (Camp et al., 
2004). This is the focus of another geology-oriented paper, which further demonstrates the 
promise of this new modeling approach.  
One caveat of the current hybrid model is that the best solution will benefit from certain 
interactive inspection of model behavior during the inversion. For example, the relative 
contributions of the sequential and adjoint assimilation to the present-day mantle structure need 
some user judgment using additional constraints. In the presented model, we avoid updating the 
down-going slab above 200 km depth at the initial time (Fig. 2.5). This depth is chosen because, 
in the VAR model, the restored slab piece A is broken from the slab piece B at ~200 km depth 
(Fig. 2.4c). Connecting the forward slab with the tomography image at this depth will result in a  
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Figure 2.9 Cross-sectional view along latitude 41° for two additional hybrid models. a) Hybrid 
model that updates the slab to the surface (0 km) at the initial time.  b) Hybrid model that avoids 
updating the down-going slab above 400 km. Both models show similar slab and hot mantle 
evolutions as the hybrid model that avoid updating upper 200 km slab (the best-fit model). 
However, there are some minor differences.  In the 0 km case, the 20-Ma slab does not connect 
to the surface plate, and this delays the slab tear event (as well as a major landward intrusion of 
the hot mantle) to ~8 Ma, inconsistent with the formation of the CRB (Liu & Stegman, 2012). In 
contrast, the 400 km case results in larger volumes of fast anomalies in the deep mantle than 
tomographically observed, due to the longer initial slab in this case. 
continuous slab at the initial time, consistent with our previous study (Liu and Stegman, 2011). 
To quantify the effect of this depth on the model evolution, we performed to additional hybrid 
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models. If we reduce this depth to 0 km, or extend it down to 400 km, the resulting evolution of 
both the slab and hot mantle (Fig. 2.9) is similar to the best-fit model (Fig. 2.4d). However, there 
are some minor differences. For example, in the 0-km case, the 20-Ma slab does not connect to 
the surface plate, and this delays the slab tear event (as well as a major landward intrusion of the 
hot mantle) to ~8 Ma (Fig. 2.9a), inconsistent with the formation of the CRB (Liu and Stegman, 
2012). In contrast, the 400-km case results in larger volumes of fast anomalies in the deep mantle 
than tomographically observed (Fig. 2.9b), due to the longer initial slab in this case. This shows 
that the value of this depth could be further constrained with additional observational data.  
In addition, the finite resolution of the tomography image makes some fine-scale mantle 
process not well constrained. One example is that if we add or remove small amounts of hot 
anomalies to the western U.S. lithosphere at the initial time (Fig. 2.6d), the predicted present-day 
structure is largely unchanged. In this case, it is necessary to refer to geological observations as 
additional constraints. For example, the lack of extensive intra-plate volcanism within the 
Yellowstone hotspot track prior to mid-Miocene suggest that the underlying lithosphere should 
be relatively cold.  
2.4 Conclusion 
By comparing several existing data assimilation methods for their application to restoring 
past mantle dynamics below the western U.S., we show that they all have pros and cons.  
A reiteration of the main findings of this work includes: 
• The sequential data assimilation method could properly simulate the subducting 
slab but misses many other mantle structures, due to its adoption of an initially 
empty mantle.  
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• Both the SBI and VAR methods could incorporate the tomography-revealed 
mantle structures, but cannot resolve fine-scale dynamic processes of the 
subducting slab. 
•  The SBI solution also suffers from its unphysical treatment of thermal diffusion 
that causes more artifacts backward in time. This method also leads to the most 
erroneous slab behavior during the past. 
• A newly designed hybrid (HYB) data assimilation method combining the 
sequential and adjoint data assimilation approaches could resolve most of the 
problems of the existing data assimilation methods. As the test shows, this method 
simultaneously reproduces the detailed subduction dynamics and other mantle 
seismic features.  
• Future work is needed to make the hybrid modeling approach more automated 
and robust in operation. 
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MODEL IMPLICATION I: ORIGIN OF WESTERN UNITED STATES INTRA-PLATE 
VOLCANISMS 
Abstract1 
The origin of late Cenozoic intra-plate volcanism over the western United States (U.S.) remains 
debated. One important reason is the lack of a clear understanding of mantle dynamics during 
this volcanic history. We reconstruct the mantle thermal states beneath North America since 20 
million years ago using a hybrid inverse geodynamic model with data assimilation. The model 
simultaneously satisfies the past subduction kinematics, present mantle tomographic image, and 
the volcanic history. Here we show that volcanisms in both the Yellowstone Volcanic Province 
(YVP) and the Basin & Range Province correspond to similar eastward intruding oceanic mantle 
driven mostly by the sinking Farallon slab below central-eastern U.S. The hot mantle forming the 
Columbia River flood basalt and subsequent Yellowstone-Newberry hotspot tracks first enters 
the western U.S. through tears within the Juan de Fuca slab. Subsequent coexistence of westward 
asthenospheric flow above the retreating Juan de Fuca slab and eastward propagating mantle 
beyond the back-arc region reproduces the bifurcating hotspot chains. A similar but weaker heat 
source intrudes below the Basin & Range around the southern edge of the slab and can explain 
the diffuse basaltic volcanism in this region. According to our models, the putative Yellowstone 
plume contributes little to the YVP formation. 
 
1This work has been published on Nature Geoscience as: Zhou, Q., Liu, L., & Hu, J. (2018). 
Western US volcanism due to intruding oceanic mantle driven by ancient Farallon slabs. Nature 
Geoscience, 11(1), 70. All figures, tables and data were created by Quan Zhou and his colleagues 
unless otherwise indicated. 
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 3.1 Introduction 
The origin of intra-plate volcanism remains a fundamental scientific question. One 
example is the Yellowstone Volcanic Province (YVP) that includes the mid-Miocene Columbia 
River Flood Basalt (CRFB) and the subsequent Yellowstone (YS) and Newberry (NB) hotspot 
tracks (Fig. 3.1). These volcanic activities were accompanied by concurrent volcanism within the 
Basin and Range (B&R) on the south, which is usually considered mechanically different from 
the former. These volcanic processes coincided with a complex tectonic history of the western 
United States (U.S.), including nearby subduction, crustal extension, and sub-lithospheric 
convection. Proposed mechanisms for the western U.S. intra-plate volcanisms largely fall into 
two categories: a deep origin involving a hot mantle plume (Pierce and Morgan, 1992; Camp and 
Ross, 2004; Smith et al., 2009; Kincaid et al., 2013), and a shallow origin including lithosphere 
extension (Carlson and Hart, 1987; Christiansen et al., 2002), slab-induced upwelling (James et 
al., 2011; Liu and Stegman, 2012), and small-scale convection (King and Anerson, 1998; Hales 
et al., 2005).  
While all these models concern tectonic events within the western U.S., another 
potentially important driving force is the ancient Farallon slab located under the eastern U.S. The 
west coast of North America has experienced continuous subduction since the Mesozoic (Seton 
et al., 2012), resulting in a huge volume of accumulated slab beneath the east coast (Hils et al., 
1997; Grand, 2002; Ren et al., 2007; Sigloch, 2011). This ancient Farallon slab, with a slow 
descending rate into the lower mantle (Meer et al., 2010), is actively affecting surface 
topography over the eastern North America (Muller et al., 2008; Liu, 2015). However, its 
influence on mantle flow beneath the western U.S. remains unclear.  
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Figure 3.1 Topography of western U.S. White contours with purple interior mark the dike 
swarms of the Columbia River flood basalt (CRFB) and the Yellowstone (YS) hotspot track. 
Thick white lines mark the Newberry (NB) hotspot track. The profile A-B-C-D shows the map 
location of the vertical cross section in Fig. 3.3. The profile E-E’ is the window used to compute 
the cumulative hot mass flux below the profile in Fig. 3.6f. 
Indeed, it is the uncertain evolution of mantle dynamics below the western U.S. that has 
caused the debates on the formation of the intra-plate volcanism. For example, Kincaid et al. 
(2013) suggested that the slab-induced return flow bifurcates the Yellowstone plume, resulting in 
the YS and NB hot spot tracks. Liu and Stegman (2012) proposed the CRFB formation as due to 
a Miocene slab tear, followed by subsequent hotspot volcanisms due to plume penetrating the 
segmented slab. In contrast, Leonard and Liu (Leonard and Liu, 2016) showed that the slab 
actually blocks the rising plume and thus prohibits it from generating extensive surface 
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processes are further considered. By now, there are no published numerical or analog models 
attempting to simulate all these processes simultaneously. Here we present such a system model 
by taking into account all major tectonic components.  
3.2 Methods 
3.2.1 Hybrid inverse geodynamic modeling with data assimilation 
Recent high-resolution tomography images (Sigloch, 2011; Schmandt and Lin, 2014) 
beneath continental U.S. provide an unprecedented opportunity to better understand the past 
mantle dynamics. These seismic images allow us to reconstruct detailed mantle structures and 
flow since 20 million years ago (Ma) using a combination of forward modeling (Liu and 
Stegman 2011) and adjoint inversion algorithms (Liu and Gurnis, 2008) (see Zhou and Liu, 2017 
for more details). This hybrid inversion approach (Zhou and Liu, 2017) takes advantage of both 
the accuracy of seafloor age for defining slab thermal structure (Liu and Stegman, 2011) and the 
3D configuration of seismic tomography for capturing other mantle structures (Liu and Gurnis, 
2008), including pre-20 Ma subducted slabs, lithospheric drips, and hot mantle anomalies. Thus, 
by simultaneously incorporating the detailed plate motion history, the evolving plate boundary 
geometry accompanying the B&R extension, and present-day mantle structures through data 
assimilation, we formulate a geodynamic model incorporating all these key tectonic processes 
for the first time, in order to quantitatively evaluate the mechanism for intra-plate volcanism 
within the western U.S.  
We use the forward data assimilation to simulate subduction, the governing equations 
have been discussed in Chapter 2. Here we reiterate the equations for a quick review. We 
approximate the mantle as an incompressible fluid with laterally varying viscosities. The 
governing equations for mantle convection are: 
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∇ ∙ u = 0            (3.1) 
−∇P+ ∇ ∙ η ∇u+ ∇!u + αRaT e! = 0              (3.2) 
!!
!!
+ u ∙ ∇T = κ∇!T                                                                                         (3.3) 
where u is velocity, P dynamic pressure, η dynamic viscosity,α thermal expansion coefficient, e! 
unit vector in radial direction,  T temperature, κ thermal diffusivity, Ra thermal Rayleigh 
numbers, respectively.  
In all the models, we adopt a viscosity structure that is both depth- and temperature-
dependent. The background mantle has a four-layer viscosity structure. For the pure forward 
model with a low Rayleigh number, the asthenosphere has a viscosity of 5x1019 Pa S, and that of 
the transition zone and lower mantle is 1.5x1021 and 2x1022 Pa S, respectively. For the hybrid 
models with a higher Rayleigh number, the values are 5x1019, 1.5x1021, 2.5x1022 Pa S, 
respectively. The lateral viscosity variation is achieved through a combination of parameterized 
weak zones along the subduction zone and its dependence on temperature through the Arrhenius 
law.  





                  (3.4) 
where η! is reference viscosity with a value of 1021 Pa s. E is the activation energy. Tm is 
ambient mantle temperature and Toff is activation temperature.  
The inverse part of the calculation involves the adjoint method,  a non-linear optimization 
algorithm that solves for an unknown initial condition by iteratively minimizing the mismatch 
between the predicted present-day mantle structure and that observed. The main governing 






+ u ∙ ∇λ+ κ∇!λ        (3.5) 
J = (T! − T!)!dv
 
!         (3.6) 
where J is the object functional to be minimized, λ the adjoint of energy, Tp and Tr predicted and 
reference present-day temperature, respectively. During the inversion, velocity u is read in from 
the previous forward run, in order to drive the adjoint integration equation 5. The convergence is 
reached when the value of J is small enough. 
In practice, we use regional models to achieve a high numerical resolution over the 
western U.S. We choose a model domain that spans 70° × 100° × 2890 km in latitude × 
longitude × radius. This region is much larger than the western U.S., the area of interest, and 
allows avoiding edge effects. The mesh resolution varies geographically and radially, in order to 
better resolve shallow features. It reaches a minimum grid size in the middle two thirds of the 
lateral and upper one third of the radial direction, with the smallest grid size being ~7 km in the 
radial direction. 
Reflection thermal boundary conditions are used on sidewalls and the core mantle 
boundary. We use the half-space cooling function to update the thermal profile within the 
oceanic plate. The model assimilates the reconstructed plate motion history from a recent 
reconstruction (Muller et al., 2008) at the upper surface. All other boundaries are free slip. To 
simulate subduction and mantle convection, we use the adjoint version (Liu and Gurnis, 2008) of 
the software package CitcomS (Tan et al., 2006). 
In the implentation of this approach, on one hand, we perform a forward subduction 
model (Liu and Stegman, 2011) that starts from 40 Ma and terminates at 20 Ma. On the other 
hand, we estimate the 20-Ma mantle structure based on tomography using a simple backward 
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integration (Liu and Gurnis, 2008). Subsequently, we introduce the adjoint algorithm to further 
match current mantle seismic structures through additional forward-adjoint iterations. Features 
that are successfully reproduced via this hybrid approach include the actively subducting Juan de 
Fuca slab, fast seismic anomalies associated with the continental lithosphere and those at greater 
depths to the east of the western U.S., as well as the widespread slow anomalies within both the 
upper and lower mantle (Fig. 3.2).  
 
Figure 3.2 Mantle seismic structure with that beneath continental North America from ref. 15 
and that beyond from ref. 20. (a-c) Observed mantle structures at 160, 500 km and along the 
profile A-B-C-D in Fig. 3.1, respectively. (d-f) The predicted structure for the same locations. 
Note the good match of main mantle features between the observed and the predicted, where 
sharp features are not well predicted due to the low-pass filtering effect of the adjoint method.  
During the adjoint inversion back to 20 Ma, we iteratively update the initial mantle 
structure, but without updating the actively subducting slab above 200 km. This way, we 
preserve in the present-day mantle both the post-20 Ma slab and mantle structures not derived 
from this subduction history (Zhou and Liu, 2017). Eventually, the model reproduces the 



















evolution of both slab- and lithosphere-related fast seismic anomalies and hot mantle-related 
slow anomalies. We emphasize that due to the hybrid nature of this inversion and the higher 
accuracy of seafloor age for defining slab geometry than the seismic image, we do not force the 
present-day mantle to match tomography at every detail. Instead, we look for a model that 
satisfies the exact seafloor age constraint (reflected in the forwardly predicted slab configuration) 
and the overall pattern (at a wavelength jointly determined by the slab and tomography) of other 
seismic anomalies at the present-day (Figs. 3.1, 3.2).  
We point out one potential caveat of this inversion: early volcanic processes occurring 
close to the subduction zone, such as the CRFB, are non-recoverable, because the hot mantle 
triggering these volcanisms has largely disappeared today due to both high-degree eruption back 
then and subsequent slab entrainment. In fact, the current lithosphere around the CRFB is 
seismically fast, and was interpreted as cold residual mantle due to excessive extraction of melt 
during CRFB formation and/or accreted Farallon slab (Hansen et al., 2015). We adopt this 
scenario in our model by postponing the assimilation of the cold lithosphere from tomography 
within eastern Oregon to 1-My after the CRFB formation. Furthermore, we also parameterize a 
hot mantle region that was initially beneath the Farallon plate offshore Oregon, between latitude 
42° - 45°, longitude 237.5° -248°, at 20 Ma. Tests show that this extra hot mantle is required to 
help with the flood basalt formation at 16 Ma, as well as to better match the lower mantle slab 
geometry today, validating this model assumption. Because of this parameterization, we could 
not test the proposed lithosphere delamination associated with the CRFB (Darold and 
Humphreys, 2013), as well as the subsequent volcanic history in its nearby region. 
3.2.2 Estimating the viscosity structure and the reference present-day mantle temperature 
field 
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There are two important model parameters for the hybrid inversion: mantle buoyancy and 
effective viscosity. The former can be constrained first through the forward simulation (Liu and 
Stegman, 2011), where the prediction of present-day slab structure (Fig. 3.2) provides a scaling 
for converting fast seismic anomalies to effective temperature. We further apply additional 
constraints on the magnitude of hot mantle anomalies from receiver function analyses (Schmandt 
et al., 2012; Gao and Liu, 2015)  and petrologic inferences (Leeman et al., 2009). The resulting 
present-day excess temperature associated with the Yellowstone plume represents an upper limit 
from these independent estimates (Schmandt et al., 2012; Gao and Liu, 2015; Leeman et al., 
2009). Consequently, this allows an estimate on the maximum buoyancy effect of a mantle 
plume in the formation of surface volcanism. Thus estimated thermal state acts as the prediction 
target of subsequent adjoint iterations (Zhou and Liu, 2017).  
In practice, we convert seismic velocity anomalies from recent tomography images 
(Sigloch, 2011; Schmandt and Lin, 2014) into temperature perturbations. A detailed seismic 
structure for the mantle down to 1200 km depth beneath the North American continent is 
available from Schmandt and Lin (2014), but that beyond the continent is missing. Since the 
mantle beneath the Juan de Fuca plate is also important for understanding convection beneath the 
continent, we expand the mantle structures from Schmandt and Lin (2014) further into the 
surrounding oceanic parts and also down to the core-mantle boundary using the larger scale 
regional tomography from Sigloch (2011) (Fig. 3.2). There is a mismatch between the reference 
model of Schmandt and Lin (2014) and that of Sigloch (2011). We first compute the average 
seismic velocity anomaly of the two models for each depth, and then shift the Sigloch (2011) 
using the difference so that they have a same baseline. With thus corrected tomography images, 
for the region right below the continent down to 1200 km, we directly adopt the seismic model 
 60 
from Schmandt and Lin (2014). Beyond this region, we adopt the model from Sigloch (2011), 
where a gradual transition function merges the two models along the edges. This composite 
tomography image provides a physically adequate reference state for mantle evolution beneath 
the western U.S. since 20 Ma. 
We also consider natural complexities during the seismic-to-temperature conversion. On 
the one hand, the strongest slow seismic anomalies (as large as -8%) are mostly located beneath 
active volcanic regions such as Yellowstone, and recent studies suggest that slow anomalies with 
magnitude larger than 5% are likely due to partial melt (Huang et al., 2015). On the other hand, 
extreme values of fast seismic anomalies are usually found in the cratonic lithosphere whose 
seismic properties are compositionally controlled. Therefore, we discard the extreme values of 
seismic anomalies, and apply a scaling such that fast anomalies below 4% is linearly converted 
to temperature anomalies of -700 °C - 0 °C, and slow anomalies below 3% is linearly converted 
to 0 °C - 200 °C. These low temperatures are consistent with the thermal structure of the forward 
predicted slabs (Liu and Stegman, 2011). These high temperatures correspond to a maximum 
estimate of excess temperature of the sub-Yellowstone mantle plume (Schmandt et al., 2012; 
Gao and Liu, 2015; Leeman et al., 2009). 
The proper simulation of the Juan de Fuca subduction (Liu and Stegman, 2011) (Fig. 3.2) 
with a co-existing YS plume (Leonard and Liu, 2016) also provides a good constraint on the 
effective viscosity of the background mantle and that of the slab. The resulting constraint on the 
temperature-dependence of viscosity is applied to estimating the bulk viscosity of the mantle. 
Since the hot anomalies at shallow depths would produce partial melting, we further consider an 
additional viscosity reduction (to a minimum value of 1019 Pa s) of the hot mantle above 200 km 
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depth by enhancing its temperature-dependence. In some models, we also apply this viscosity-
reduction throughout the entire mantle to test the maximum potential impact of the YS plume. 
In practice, we systematically evaluate the buoyancy and viscosity of mantle structures, 
and important new insights emerge on past mantle dynamics beneath the western U.S. These 
include tracking the evolution of the hot mantle over time, quantifying the various driving forces 
of mantle flow, and evaluating the role of the Yellowstone plume during this history.  
3.2.3 On the melt fraction of hot oceanic asthenosphere below SRP 
We have compared our modeled temperature anomaly with the temperature required for 
5% melt fraction (Katz et al., 2003; Asahara and Ohtani, 2011; Green, 2015; Green and O’Hara, 
1971), a value we assume in the main text. At 4 GPa, the solidus for dry peridotite ranges from 
1520 °C to 1650 °C (Katz et al., 2003; Asahara and Ohtani, 2011). Our inferred temperature 
anomaly is 100 -150 °C more than the ambient mantle. If the potential temperature for MORB 
petrogenesis is 1430 °C (Green, 2015), then our modeled hot anomaly is 1570-1620 °C (given 
0.4 °C/km adiabatic temperature gradient), falling in the range of the solidus for dry peridotite. 
Moreover, when water or CO2 is added, a reasonable assumption for oceanic asthenosphere and a 
very likely scenario for a mantle wedge, the solidus of peridotite can be depressed by more than 
100 °C (Katz et al., 2003; Green, 2015). From an early study (Green and O’Hara, 1971), it is 
suggested that for peridotites with 0.01% water, 5% melt requires 1380 °C at the asthenosphere 
depth. More recent studies also suggest that 5% melt below the lithosphere is likely with water or 
CO2 present and with a temperature anomaly of +100 °C relative to the ambient mantle (Katz et 
al., 2003; Green, 20115). Since the western U.S. had experienced prolonged subduction since the 
Mesozoic and in particular an extensive flat-slab existed prior to 20 Ma, considerable amount of 
water is likely to be present throughout the upper mantle of SRP. As a result, when the hot 
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oceanic asthenosphere swept through the region, the pre-existing water could catalyze melting. 
Therefore, we think 5% melt fraction beneath the SRP is a possible scenario.  
 
Figure 3.3 (a - f) Evolution of mantle thermal structures along the NB-YS hotspot tracks from the 
reference model. Reconstructed subduction and mantle flow since 18 Ma are shown in the North 
American reference frame. Red arrows indicate the directions of hot mantle propagation. The 
eastward advancing hot mantle and its encroachment of the Wyoming Craton (WYC) should 
have reproduced the time-progressive YS hotspot track. The westward flow above the steepening 
and retreating of the Juan de Fuca slab since 8 Ma could explain the NB track. The putative YS 
plume remains largely covered by the slab and contributes little to the formation of shallow hot 
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3.3 Results and Discussions 
3.3.1 Origin and evolution of the hot mantle below the western U.S.  
 
Figure 3.4  (a - d) 3D representation of mantle evolution in the reference model. The map area is 
outlined by the dotted black box in Fig. 3.2a. Both an isosurface (at a temperature of +50 °C 
relative to the ambient mantle, with color indicating depth) and the temperature at 60 km depth 
(the translucent map slice, with color indicating temperature) are shown. The red triangle marks 
the location of the present-day Yellowstone caldera. At 16 Ma (a), most of the hot anomalies are 
under the oceanic plate, with a first pulse entering the western U.S. through the slab hole below 
Oregon that formed the CRFB. The plume barely reaches the surface toward the present-day.  
From the reference model, we find that most of the upper-mantle hot anomalies seen in 
tomography are derived from the oceanic upper mantle further west (Figs. 3.3, 3.4), instead of 
from the putative YS plume within the lower mantle. Prior to the mid-Miocene, these hot 
anomalies are restored to beneath the Juan de Fuca plate. We propose that this hot oceanic 
asthenosphere (Figs. 3.3, 3.4) represents a northern extension of the hot mantle beneath the 
Pacific spreading center, as observed below the East Pacific Rise today (Ritsema et al., 2011). 
Around 16 Ma, these hot anomalies start to enter the western U.S., through the central slab tear 
that forms the CRFB (Liu and Stegman, 2012) (Figs. 3.4, 3.5). A smaller amount of hot mantle 
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also appears further south, around the slab edge at the Mendocino triple junction (MTJ) (Fig. 
3.5a).  
 
Figure 3.5 Post-CRFB evolution of hot mantle anomalies at 70 km and the history of volcanisms. 
(a-d) Landward intrusion of hot anomalies within the western U.S., driven by the sinking of the 
ancient Farallon slab (DW3) and regulated by lateral lithosphere thickness variations. Their 
evolution matches the temporal-spatial distribution of basaltic volcanisms within the B&R and 
the time progression of the NB-YS hotspot tracks. The palinspastically restored volcanic centers 
and geological provinces are from McQaurrie and Wernicke (2005) and the NAVDAT database 
(www.navdat.org).  
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Since the mid-Miocene, hot asthenosphere materials are continually pumped into the 
western U.S. upper mantle through both the central slab gap and around the MTJ. Subsequently, 
these hot anomalies are advected further inland to the B&R province and the Snake River Plain 
(SRP), separated by the thick lithosphere of the Colorado Plateau (CP) and Wyoming Craton 
(WYC). Meanwhile, these hot anomalies migrate landward around the CP (Figs. 3.3, 3.4). At 70 
km depth, within the southern B&R, the hot mantle that has a relatively small temperature 
anomaly flows east-southeast, surrounding and encroaching the Plateau. Further north, the hot 
mantle with a larger excess temperature advances east-northeast toward the YS caldera, 
underplating the YS hotspot track (Figs. 3.3, 3.5). From ~8 Ma, the western part of the hot 
mantle starts to flow backward toward the trench, following the steepening of the Juan de Fuca 
slab; this eventually would have formed the NB hotspot track (Figs. 3.1, 3.3). This predicted 
mantle flow history is also consistent with the recent inference of pervasive melting below the 
western U.S. (Hier-Majumder and Tauzin, 2017) and the faster-transverse-than-radial seismic 
anisotropy along the SRP (Bozdag et al., 2016; Huang and Zhao, 2013). 
Significantly, thus predicted hot mantle evolution also matches other major volcanic 
characteristics within the western U.S. Prior to 16 Ma, the volcanism in the B&R is 
predominantly felsic and concentrated toward the Cascadia arc (McQuarrie and Wernicke, 
2005), consistent with a hydrated melt source due to both active subduction along the coast and 
removal of the earlier flat slab further east (Humphreys, 1995). The initial mid-Miocene 
intrusion and subsequent migration of the hot asthenospheric mantle closely correlate with 
enhanced mafic volcanism (McQuarrie and Wernicke, 2005; DePaolo and Daley, 2000) across 
the B&R and along the SRP, both temporally and spatially (Fig. 3.5). This supports these mafic 
eruptions being direct asthenospheric melts. In contrast, the correlation between volcanic records 
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and the history of B&R extension is found to be less clear (Gans and Bohrson, 1998). We refer a 
quantification of this to future work, since our large-scale model cannot simulate melting 
associated with crustal extension.  
 
Figure 3.6 a) The hot anomaly (contours) and mantle flow (arrows) at 140 km depth below the 
western U.S. for the reference model and Model A2, respectively. The former has large velocity 
pointing inland and has hot anomaly reaching the YS. b) The cold anomaly (contours) and 
mantle flow (arrows) at 520 km depth below the entire U.S. for the two models. The cold 
anomaly below the western U.S. is the Juan de Fuca slab, and that below the eastern U.S. is the 
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ancient Farallon slab (DW3). In the reference model, the mantle flow is drawn towards the 
ancient Farallon slab; in Model A2, this large-scale eastward mantle flow is missing. c) Cross-
sectional view along profile A-B-C in (a). The velocity on both sides of point B moves away from 
each other, towards NB and YS respectively. d) Same as c, but for that along profile A-B-C-D in 
(b). e) Cumulative mass flux of hot anomalies into the SRP for the reference Model, Model A2, 
and Model A3. The reference model and Model A3 have similar history of mass flux, but Model 
A2 has zero mass flux. f) Sketch of key mantle processes. The ancient Farallon slab (blue) below 
the eastern U.S. sinks and drives eastward mantle below the western U.S., while the Juan de 
Fuca slab (green) induces a local westward returning wedge flow. These two opposing flows 
generate the YS and NB hot spot tracks. 
Many local volcanic features could be explained as well. The progressive eastward 
migration of the hot mantle along the SRP (Figs. 3.3-3.5) is consistent with the migrating 
explosive calderas (Figs. 3.1, 3.5); the widespread hot mantle beneath the SRP since ~8 Ma (Fig. 
3.3) also explains the enduring basaltic volcanism throughout the late Miocene (McQuarrie and 
Wernicke, 2005) (Fig. 3.5). The fact that the CP forms a mechanical barrier to the eastward 
motion of the hot mantle (Figs. 3.5, 3.6) is compatible with the late Cenozoic encroachment of 
volcanism toward the Plateau center (Roy et al., 2009; Reid et al., 2012). Furthermore, the 
predicted cumulative volume of hot mantle flowing into the SRP since 10 Ma is about 107 km3 
(Fig. 3.6e), which, assuming a reasonable melt fraction of 5% for the modeled temperature 
anomaly (Katz et al., 2003), converts to an average magma flux into the crust of about 0.05 
km3/year, similar to that inferred from recent petrologic estimates (McCurry and Rodgers, 2009).  
3.3.2 Ancient Farallon slab driving eastward intrusion of the hot mantle 
To understand the driving force for the progressive landward migration of hot mantle 
anomalies, we analyze the effects of various mantle structures, especially prominent density 
anomalies that drive flow. Major sub-continental cold anomalies include an upper-mantle 
downwelling (DW1 in Fig. 3.3) at the base of the WYC, a lower-mantle anomaly beneath the 
putative YS plume (DW2 in Fig. 3.3), and a large-volume downwelling below the eastern U.S. 
(DW3 in Fig. 3.6). Among these, the latter two are generally interpreted as ancient Farallon slabs 
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(van der Hilst et al., 1997; Grand, 2002; Ren et al., 2007; Sigloch, 2011), with DW3 being the 
most voluminous; DW1 is less well identified. Xenolith and xenocryst thermobarometry suggests 
that continental North America is no thicker than 250 km (Carlson et al., 2005; Griffin et al., 
2004), in agreement with inferences from heat flow (Mareschal and Jaupart, 2004), and receiver 
function analysis (Hansen et al., 2015).. Therefore, DW1 might also represent a former Farallon 
slab, similar to the interpretation in a recent seismic study (Humpreys et al., 2015). 
In the reference model (e.g., Fig. 3.3), cold anomalies DW2 and DW3 are actively 
sinking and driving surrounding mantle flow, but DW1 is mostly passively dripping downward. 
An additional test (Model A1) with both DW1 and DW2 removed from the initial density 
structure result in similar mantle flow and distribution of hot anomalies below the western U.S. 
(Fig. 3.7a) to those in the reference model (Figs. 3.3-3.5). This suggests that DW1 and DW2 play 
a minor role in driving the large-scale flow. The fact that DW2 does not influence upper mantle 
flow significantly is mostly due to its relatively small volume compared to that of DW3. 
Consequently, this implies that the ancient Farallon slab beneath the eastern U.S. (DW3) controls 
the eastward migration of hot oceanic asthenosphere and the formation of the YVP and B&R 
volcanisms. To further verify this dominant role of DW3 in generating intra-plate volcanisms, 
we run another model (Model A2), where all cold mantle anomalies below 200 km are removed 
at 20 Ma but with all hot mantle anomalies included. Because of the absence of large-scale 
downwelling associated with DW3 below the eastern U.S., Model A2 generates a much weaker 
eastward flow beneath the U.S. (Fig. 3.6a, 3.6b). Consequently, little hot mantle is drawn into the 
SRP (Fig. 3.6b, 3.6c), and the present-day hot mantle is located mostly to the west of Idaho (Fig. 
3.7b), as is controlled by the slab-edge-induced toroidal flow. This difference is also clearly 
shown in the cumulative mass flux of hot mantle into the SRP as a function of time, where 
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Model A2 predicts zero flux, in contrast to the progressively increasing flux in the reference 
model (Fig. 3.6e). This verifies the dominance of the ancient Farallon slab in driving the 
eastward flow below YVP. 
 
Figure 3.7 Predicted present-day mantle structures for Model A1-A3 at 70 km depth. a) In Model A1, the 
hot anomaly beneath the continent is similar to that in the reference model (Fig. 3.4d), indicating the 
negligible role of fast anomalies DW1 and DW2 in affecting lateral mantle flow below the western U.S. b) 
In Model A2, the hot anomaly is restricted to the west of the SRP, indicating the localized effect of slab-
induced toroidal flow. c) In Model A3, the hot anomaly is similar to the reference model (Fig. 3.4d) and is 
more concentrated along the SRP, suggesting that the thermal buoyancy of the intruding hot 
asthenosphere is minor in controlling its lateral migration.   
A third model (Model A3) tests the effect of the lateral pressure gradient arising from the 
hot anomalies. Model A3 is the same as the reference model but the hot anomaly is assumed to 
be neutrally buoyant. In this case, the hot oceanic asthenosphere passively follows the eastward 
mantle flow, and the resulting cumulative mass flux of hot anomalies into the SRP increases 
even faster over time than that in the reference case (Fig. 3.6e). The predicted present-day hot 
anomaly is more concentrated along the SRP (Fig. 3.7c vs. Fig. 3.5d), as is due to the lack of 
lateral spreading driven by its own buoyancy. The similarity between Model A3 and the 
reference case suggests that the effective buoyancy of the intruding hot mantle, a parameter that 
is not well constrained from observation (Schmandt et al., 2012; Gao and Liu, 2015; Leeman et 
al., 2009), is not crucial for the formation of intra-plate volcanism. 
3.3.3 The role of a Yellowstone plume 
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Although a putative YS plume is frequently invoked in the formation of the YVP (Pierce and 
Morgan, 1992; Camp and Ross, 2004; Smith et al., 2009; Kincaid et al., 2013), we do not  
 
Figure 3.8 Temporal evolution of mantle structures in the Model A4 and A5. (a-d) Reconstructed 
subduction and mantle flow from 18 Ma to the present and the viscosity structure at present day along 
profile A-A’ in Fig. S1d for Model A4, with the temperature field projected onto the North American 
reference frame. Red triangles track the surface projection of the subsequent landward propagation of 
hot asthenospheric mantle, implying for the front of active volcanism. As in the reference model, the 
eastward translation of the hot mantle and its encroachment of the Wyoming Craton (WYC) toward the 
present reproduce the time-progressive YS hotspot track. The putative YS plume has a lower temperature 













































formation of shallow hot anomaly and surface volcanism. (e-h) Similar to (a-d), but for Model A5. Note 
that the hot oceanic asthenosphere alone could explain the YS hotspot track and provides enough 
material to the shallow slow seismic anomalies beneath the western U.S. 
observe a strong influence of this feature in regional-scale dynamics. Contrary to the traditional 
view that a hot plume should ascend due to its own buoyancy, most of the plume volume actually 
descends with time in our reference model (Figs. 3.3, 3.4). This counter-intuitive plume behavior 
is due to downward viscous entrainment from both the DW2 anomaly underneath and the Juan 
de Fuca slab above the plume (Fig. 3.3), a result similar to our recent finding (Leonard and Liu, 
2016). To further explore the dynamics of the plume whose properties are poorly known, we test 
several different scenarios. With temperature converted from the original tomography (Model 
A4) using a scaling directly from the forward model (Liu and Stegman, 2012; Liu and Stegman, 
2011), the plume continually descends during the entire history, while the intruding hot oceanic 
asthenosphere still satisfies the volcanic history (Fig. 3.8a-3.8d, 3.9a-d). With an inflated initial 
buoyancy of all hot anomalies (up to +200 °C) assuming an open system (i.e., volcanism 
consumes hot anomalies over time), the plume motion is still dominated by the cold anomaly but 
could have risen to a depth of ~200 km at the present, as is the case in the reference model (Fig. 
3.3). In this case, the plume has contributed to volcanisms within the eastern SRP close to the 
present, but its mass flux is too small to account for the widespread slow anomalies observed at 
shallow depth today. In fact, by removing the entire plume from the model (Model A5), the 
resulting evolution of the shallow hot mantle remains unchanged (Fig. 3.8e-h, 3.9e-h), 
confirming the negligible role of the plume in providing heat to fuel the YVP. To evaluate the 
viscosity effects, we use an inflated plume buoyancy and much reduced plume viscosity (to a 
minimum of ~1019 Pas) throughout the entire mantle (Fig. 3.10a-d, 3.11a-d). In this case (Model 
A6), the plume could reach the surface earlier, but the resulting shallow hot mantle still 
dominantly originates from the intruding asthenosphere (Fig. 3.10a-d). Another test (Model  
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A7) with all initial hot anomalies on the oceanic side removed (Fig. 3.10e-h) suggests that the 
plume could rise up to participate in the CRFB, but its subsequent evolution produces a 
westward instead of eastward moving YS hotspot track (Figs. 3.10e-h, 3.11e-h). Furthermore, in 
both Models (A6 and A7), the YS plume could only produce a very small portion of the observed 
slow seismic anomalies at the present (Fig. 3.10). Therefore, according to these models, the 
plume does not contribute much to the formation of the YVP.  
However, one model limitation is the adopted linear rheology, albeit with varying 
effective viscosity values. With a more complex non-linear rheology and melting formulation, it 
is possible that the plume would behave more dynamically than modeled here, and thus 
contributes more to the YVP, especially for its geochemical signatures. However, even in that 
case, we believe the intrusion of the hot oceanic asthenosphere should still be the dominant 
process. 
3.3.4 Implication on intra-plate volcanism in western U.S. 
By systematically evaluating the post-20 Ma mantle evolution below the western U.S., 
we show that landward intrusion of hot oceanic asthenosphere represents a robust solution to the 
formation of intra-plate volcanism within the western U.S. In this case, local temperature 
increase due to the arrival of hot mantle favors melt formation within both the B&R and YVP. 
We suggest that the likely presence of volatile from earlier subduction (Humphreys, 1995; Gerya 
et al., 2004) would further reduce the solidus and facilitate volcanism. In addition, we observe a 
strong correlation between the eastward migrating hot mantle (Fig. 3.3) and normal faulting 
along the SRP (Rodgers et al., 2002), which may indicate resulting lithosphere deformation 
and/or delamination; if true, this reduction of lithosphere thickness would further enhance local  
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Figure 3.9 Predicted 
migration of hot mantle 
anomalies at 80 km and 
the history of 
volcanisms for Model 
A4 (a-d) and A5 (e-h). 
Other annotations are 
the same as those in 
Fig. 3.4. The migrations 
of these two models are 







































upwelling and partial melting, as recent numerical models demonstrated (Ballmer et al., 2015). 
Besides the intra-plate volcanism, the model also provides potential implications on other 
observations such as flow-induced seismic anisotropy and surface uplift (Fig. 3.12), but a 
detailed discussion is beyond the scope of this paper.  
 
Figure 3.10 Similar to Fig. 3.8, but for Model A6 (a-d) and A7 (e-h).  (a-d) In Model A6, the 
plume still remains covered by the slab along this cross-section. (e-h) In Model A7, the plume 
cannot provide enough material to the shallow slow seismic anomalies. Furthermore, its 
















































Figure 3.11 Similar to 
Fig. 9 but for Model A6 
(a-d) and A7 (e-h). 
Other annotations are 
the same as those in 
Fig. 3.4. Note the 
earlier arrival of plume 
at the eastern end of the 
SRP, and the subsequent 
westward migration that 
is contradicting the 
observed eastward 







































However, we also want to emphasize some model caveats. First, as the model cannot 
simulate fine scale processes such as shear-driven upwelling or lithospheric delamination, it 
requires a pre-existing thinner lithosphere along the SRP, as seismically observed (Schmandt and 
Lin, 2014; Hansen et al., 2015), to have focused hot anomalies and thus formed localized 
volcanisms (Ballmer et al., 2015). Second, although a smaller volume of hot anomalies also 
swept through the B&R, there was much less accompanying volcanism in this region (Fig. 3.5). 
This is likely because the B&R has a broad, thin lithosphere (~60 km) (Hansen et al., 2015), 
whose lack of lateral lithospheric thickness variation prohibits local upwelling and melting. 
 
Figure 3.12 Sketch of mantle flow in the upper mantle below western U.S. The eastward flow 
(yellow) is mostly driven by the ancient Farallon slab below the east coast, and guided by the 
local variation of lithospheric thickness (grey). The tectonically active area (red) is underlain 
mostly with hot anomaly, which may induce dynamic surface uplift. The resulting mantle flow 
may be able to provide new insights on the peculiar seismic anisotropy over the western U.S. 










Mechanically, it is the sinking of the ancient Farallon slab below eastern U.S. that exerts 
a dominant control on the eastward intrusion of hot mantle below the YVP, the B&R and the CP 
(Figs. 3.6d, 3.6f). The returning wedge flow above the subducting Juan de Fuca plate and the 
toroidal flow around slab edges only affect near-arc processes, such as the westward moving NB 
track since 8 Ma (Figs. 3.6d, 3.6f). Other factors like the buoyancy of the shallow hot anomalies 
and that of a deeper plume play a secondary role in controlling mantle flow, in contrast to the 
popular view that the plume is the main driver of the YS volcanic system. However, the plume 
may behave more dynamically with a more realistic rheology, and thus bring more deep-mantle 
materials to form the geochemical properties. We suggest that our new mechanism of intra-plate 
volcanism formation may apply to other similar tectonic environments as well.   
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Additional Model Results 
To evaluate the driving force on the inland migration of intruding hot mantle, we 
performed several additional models.  
Model A1 has the fast anomalies below 200 km in western U.S. (DW1 and DW2) 
removed from the reference model at 20 Ma.  
Model A2 has all the fast anomalies below 200 km in continental U.S. (DW1 + DW2 + 
DW3) removed from the reference model at 20 Ma.  
Model A3 has all mantle structures remaining the same as those in the reference model, 
but the hot mantle anomalies are assumed to be neutrally buoyant. 
To evaluate the relative contributions of different hot mantle anomalies (i.e., a hot 
oceanic asthenosphere and a hot mantle plume) to the formation of the observed slow seismic 
anomalies at shallow depths and the associated volcanic history, we carry out 4 additional 
models (Models A4-A7). These models are compared to our reference model (Figs. 3.1, 3.3-3.6) 
that has a hot oceanic asthenosphere and a hot plume. The reference model has the buoyancy of 
the hot mantle below 400 km depth inflated by 50% relative to the one converted from 
tomography. Among these additional models, Model A4 (Fig. 3.8a, 3.9a) has the same 
parameters as the reference model except that the hot anomalies have the original thermal 
structure as derived from tomography using a seismic-to-temperature scaling from Liu & 
Stegman (2011), assuming a closed system (i.e., generation of volcanisms does not consume hot 
mantle anomalies). Model A5 (Fig. 3.8b, 3.9b) has only the hot oceanic asthenosphere included 
for generating present-day hot anomalies, in order to test if the hot asthenosphere alone could 
predict the observed hot anomalies beneath western U.S. Model A6 (Fig. 3.10a, 3.11a) is the 
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same as the reference model, except that it has a lower viscosity plume throughout the mantle. 
This allows us to simulate a more rigorous plume. Model A7 (Fig. 3.10b, 3.11b) is the same as 
Model A6, but with the hot oceanic asthenosphere removed (i.e., only the plume is included), in 
order to test how much the plume alone could contribute.  
Model A4 has a similar result to the reference model in terms of the shallow mantle 
evolution. The plume does not participate volcanism generation, because it does not reach the 
surface throughout the history. This indicates that the hot oceanic asthenospheric mantle alone 
could provide enough materials to produce the shallow hot mantle beneath the western U.S. 
(Figs. 3.8a-d, 3.9a-d). This evolution also satisfies the observed volcanic history including the 
formation of the YS & NB hotspot tracks. 
Model A5 reaches a similar conclusion to that of Model A4, in that a plume is not 
required to match the surface volcanic history (Figs. 3.8e-h, 3.9e-h). 
Model A6 shows that the very-low viscosity plume generates two upwelling pulses at the 
shallow mantle (Figs. 3.10a-d, 3.11a-d). The first one is close to the western SRP at 16 Ma, the 
second one is near the eastern end of SRP at 10 Ma. Both these pulses arrive too to the east 
compared to the observed locations of volcanic centers with the same age. In addition, even in 
this extreme case, the volume of shallow hot mantle contributed from the plume is still small. 
Model A7 provides the strongest argument against the plume hypothesis. In this model, 
the plume is far from enough to provide voluminous material to explain the observed thick slow 
anomalies beneath the SRP (Figs. 3.10e-h, 3.11e-h). Also, its predicted YS hotspot track 
migrates in the opposite direction to that observed.  
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Based on our reference model and the 7 additional models, we conclude that the late 
Cenozoic volcanic history within the western U.S. is mostly driven by the intrusion of the hot 
oceanic asthenosphere, and that the putative mantle plume plays a minor role, if any, in the 
formation of the Yellowstone Volcanic Province. Dynamically, the overall eastward migration of 









MODEL IMPLICATION II: ORIGIN OF WESTERN UNITED STATES SEISMIC 
ANISOTROPY  
Abstract1 
The origin of the complex pattern of SKS splitting over the western United States (U.S.) remains 
a long-lasting debate, where a model that simultaneously matches the various SKS features is 
still lacking. Here we present a series of quantitative geodynamic models with data assimilation 
that systematically evaluate the influence of different lithospheric and mantle structures on 
mantle flow and seismic anisotropy. These tests reveal a configuration of mantle deformation 
more complex than ever envisioned before. In particular, we find that both lithospheric thickness 
variations and toroidal flows around the Juan de Fuca slab modulate flow locally, but their co-
existence enhances large-scale mantle deformation below the western U.S. The ancient Farallon 
slab below the east coast pulls the western U.S. upper mantle eastward, spanning the regionally 
extensive circular pattern of SKS splitting. The prominent E-W oriented anisotropy pattern 
within the Pacific Northwest reflects the existence of sustaining eastward intrusion of the hot 
Pacific oceanic mantle to beneath the continental interior, from within slab tears below Oregon 
to under the Snake River Plain and the Yellowstone caldera. This work provides an independent 
support to the formation of intra-plate volcanism due to intruding shallow hot mantle instead of a 
rising mantle plume.  
1This	work	has	 been	 submitted	 for	 publication	 to	Earth	and	Planetary	Science	Letters	 as:	
Quan	 Zhou,	 Jiashun	 Hu,	 Lijun	 Liu,	 Thomas	 Chaparro,	 Dave	 Stegman,	 Manuele	 Faccenda.	






Seismic anisotropy, the directional dependence of seismic wave speed, is a strong 
constraint on mantle flow. Upper mantle seismic anisotropy is usually attributed to the lattice-
preferred orientation (LPO) of olivine, the most abundant mineral in the upper mantle (Karato et 
al., 2008). When upper mantle rocks are subject to deformation in the dislocation regime, 
mineral grains develop an LPO by dislocation creep, dynamic recrystallization, and grain-
boundary migration (Kaminski et al., 2004), leading to macroscopic seismic anisotropy. In 
nature, the development of seismic anisotropy can be further affected by water content (Jung and 
Karato, 2001; Katayma and Karato, 2006), pressure (Couvy et al., 2004; Durinck et al., 2005; 
Raterron et al., 2009), differential stress (Karato et al., 2008), and temperature (Katayma and 
Karato, 2006). While the formation of mantle anisotropy likely involves multiple processes, it 
has been suggested that olivine fast axis tends to align with the maximum shear direction for a 
simple mantle flow (Zhang and Karato, 1995; Long and Becker, 2010).  
The observed seismic anisotropy via shear wave splitting (SWS) over the western United 
States (U.S.), however, demonstrates a very complex spatial pattern (Fig. 4.1, Wüstefeld et al., 
2009; Becker et al., 2012). In contrast to the commonly observed trench-normal or trench-
parallel directions (Long 2016), SWS (mostly SKS measurements) in the western U.S. 
demonstrates systematic spatial variations (Fig. 4.1). Along the coast, from ~40° N northward 
toward Washington (WA), the fast direction rotates from largely SW-NE to E-W; this trend 
reverses going southward where the fast direction quickly switches to NW-SE in central 
California (CA) and to E-W in southern CA and northern Mexico. Moving inland to the back-arc 
region, all fast directions rotate to a quasi E-W direction, including those from WA to southern 
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CA. The anisotropy reaches the highest magnitude in southeastern Oregon (OR) and 
southwestern Idaho (ID), with the delay time reaching 2 seconds (Long 2016). Further inland, to 
 
Figure 4.1: SKS observation (Becker et al. 2012) and topography (ETOPO1.0) over the western 
U.S. Key anisotropy features include the fast SKS splitting from Oregon to Wyoming, the large 
scale circular pattern centered in western Nevada, and the sharp anisotropy transition along the 
lithospheric step in Wyoming and Utah. SRP: Snake River Plain, RM: Rocky Mountains, NBR: 
Northern Basin & Range, SBR: Southern Basin & Range, CP: Colorado Plateau.  
the south of the Snake River Plain (SRP), the spatial rotation continues from that on the west, 
forming a broad circular pattern centered in western Nevada (NV) and a secondary circle in 
northernmost CA. To the north of the OR-NV border, the fast direction remains largely E-W into 
west Montana (MT) and Wyoming (WY), where the thin western U.S. lithosphere transitions 
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into thick cratonic lithosphere to the east. In between the north and the south, the fast direction 
follows the province boundaries of SRP eastward to the Yellowstone (YS) volcanic field in WY.  
Besides SWS, there are also seismic observations constraining the depth-dependence of 
mantle anisotropy, including those based on body waves (Huang and Zhao, 2013; Buehler and 
Shearer, 2014), surface waves (Beghein et al., 2010; Yuan and Romanowicz, 2010; Lin et al., 
2011; Wagner et al., 2013; Wagner and Long, 2013), receiver functions (Park et al., 2004; 
Nikulin et al., 2009), and Love-to-Rayleigh wave scattering (Rieger and Park, 2010). However, 
these other results, likely due to their different methodology and sensitivity, demonstrate 
relatively low consistency for the depth-dependent anisotropy below the region. Consequently, a 
direct comparison of these observations with geodynamic modeling is not conclusive.  
The complex SWS pattern in the western U.S. has led to different interpretations of the 
underlying mantle dynamics. Zandt and Humphreys (2008) attributed the large circular pattern to 
toroidal flow around the southern edge of the Juan de Fuca slab. West et al. (2009) proposed a 
model of lithospheric drip below the Great Basin as the cause of the circular SWS pattern. 
Druken et al. (2011) suggested that mantle flow induced by slab rollback generates the E-W fast 
direction beneath Oregon and Idaho. These models either focus on part of the observations, or 
only represent a conceptual model. To reconcile these potential debates, we attempt to better 
constrain the origin of the complex anisotropy pattern by developing a data-oriented mantle flow 
model for North America during the last 20 million years (Ma). The mantle flow model matches 
multiple key observational constraints simultaneously, including past plate motion, Basin & 
Range (B&R) deformation, present-day mantle structure (Zhou and Liu, 2017) and the time-
dependence of intra-plate volcanisms within the western U.S. (Zhou et al., 2018). Based on these 
geodynamic models, we then analyze the effects of different mantle structures on the formation 
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of seismic anisotropy including both LPO and SWS, using an approach similar to our recent 
study over South America (Hu et al., 2017).  
4.2 Data and Methods 
The method for calculating seismic anisotropy consists of two steps: 1) Reconstruction of 
mantle thermal evolution and associated mantle flow since 20 Ma. 2) Converting the mantle flow 
history to seismic anisotropy (LPO) and synthetic SWS (SKS) measurements. 
4.2.1 Reconstructing past mantle flow 
We adopt the hybrid data assimilation approach for mantle convection, as described with 
more details in Zhou and Liu (2017), to simulate mantle flow below continental U.S. during the 
last 20 Ma. Here we provide a brief summary of the approach. The hybrid data assimilation 
consists of two parts: forward and adjoint data assimilations. In the forward part, we assimilate a 
recent plate reconstruction (Müller et al., 2008) as the velocity boundary condition.  We also use 
the reconstructed seafloor ages to update the temperature structure of the oceanic lithosphere. 
The model viscosity is both depth- and temperature-dependent. Lateral viscosity variations also 
include weak mantle wedge near the subduction zone that allows the reproduction of fine-scale 
slab evolution and mantle flow (Zhou and Liu, 2017). The initial condition of the forward model 
only assimilates the subducting oceanic slab, without including the various mantle structures 
imaged in seismic tomography (Sigloch, 2011; Schmandt and Lin, 2014). To solve this problem, 
we then use the adjoint data assimilation to further incorporate these other features (Zhou and 
Liu, 2017).  
For the adjoint part of the model, the reference present-day mantle structure is based on a 
merged image of two recent high-resolution tomography models (Schmandt and Lin, 2014; and 
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Sigloch, 2011). We use Schmandt and Lin (2014) to define the fine-scale structure below the 
U.S. and use Sigloch (2011) to approximate regions beyond, with a smooth transition along their 
boundaries. More details about the construction of the reference thermal state could be found in 
Zhou and Liu (2017). During the hybrid assimilation approach, mismatches from the forward 
integration of mantle evolution could be corrected through subsequent adjoint integrations, 
which iteratively update the initial condition (Zhou and Liu, 2017). Compared to our earlier 
adjoint approach (Liu and Gurnis, 2008), the hybrid approach further assimilates seafloor age as 
an additional input, producing finer slab structures than outlined by tomography. Together, this 
new model better represents various dynamic structures (Fig. 4.2) affecting  mantle evolution 
below the western U.S. since 20 Ma (Zhou and Liu, 2017).  
 
Figure	 4.2:	 A	 summary	 of	mantle	 structures	 below	 the	U.S.	 that	 are	 responsible	 for	 driving	
mantle	flow.	These	include	1)	a	variable	lithosphere	thickness,	2)	the	actively	subducting	Juan	
de	 Fuca	 slab	 below	 the	 western	 U.S.,	 3)	 the	 still	 descending	 ancient	 Farallon	 slab	 below	
central-eastern	 U.S.,	 and	 4)	 recently	 identified	 eastward	 encroaching	 hot	 Pacific	mantle	 to	
underneath	the	thin	western	U.S.	lithosphere. 
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In practice, we implemented the hybrid data assimilation approach into the open source 
mantle convection code CitcomS (Zhong et al., 2008). We performed 32 hybrid iterations until 
the solution converges. Thus derived mantle evolution provides a new explanation for the origin 
of the western U.S. volcanic history by showing that majority of the underlying heat source was 
from the Pacific upper mantle instead of from the putative Yellowstone plume (Zhou et al., 
2018). Here we use this mantle flow model as one end-member scenario to better understand the 
nature of the complex seismic anisotropy in the region. To quantify the effects of various mantle 
structures, we perform additional simulations where we focus on the resulting mantle flow with 
different combinations of these mantle structures: 1) continental lithosphere with laterally 
varying thickness, 2) subducting Juan de Fuca slab since 20 Ma, 3) ancient Farallon slabs below 
central-eastern U.S., and 4) hot mantle anomalies associated with intra-plate volcanisms.  
Relative to the published models (e.g., Zhou et al., 2018), the models presented here 
include one more structural feature: a small-scale (~200 km in diameter) fast anomaly currently 
extending to ~200 km depth below central Nevada (Fig. 4.3a, 4.3b; Schmandt and Lin, 2014), 
formally interpreted as a lithospheric drip (West et al., 2009; Schmandt and Humphreys, 2010). 
Due to both limited resolution of our numerical model and the large amount of extension within 
the B&R (McQuarrie and Wernicke, 2005), this fast anomaly is difficult to simulate prior to 10 
Ma when NV state was half of its present width. Dynamically, this small feature does not 
influence the regional-scale mantle flow, but it does affect flow surrounding it and thus the local 
anisotropy pattern. Therefore, we assimilate this feature at 8 Ma in all models so that it better 
matches the present seismic image.  
4.2.2 Calculating mantle anisotropy and SKS splitting 
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Figure	 4.3:	 Mantle	 flow	 and	 anisotropy	 prediction	 from	 Model	 1	 at	 present-day.	 (a-b)	
Temperature	and	mantle	flow	at	two	different	depths.	The	red	line	approximates	the	location	
of	 the	 sharp	 thickness	 increase	 of	 the	 North	 American	 lithosphere	 from	west	 to	 east.	 (c-e)	
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Modeled	mantle	 anisotropy,	 represented	 by	 the	 TI	 axis,	 at	 three	 different	 depth	 ranges.	 	 f)	
Predicted	 (green)	and	observed	 (black)	SKS	 splitting.	The	 red	dashed	 circle	outlines	a	 local	
swirl	pattern	predicted	by	the	model.	Note	the	overall	poor	match	between	the	predicted	and	
observed	SKS	patterns.		
In order to simulate the formation of LPO, we adopt a similar approach to that of 
Kaminski et al. (2004) that considers the effects of dislocation creep, dynamic recrystallization, 
and grain-boundary migration. Our LPO simulator is a recently updated FORTRAN software 
DRexS (Hu et al., 2017), a high-performance parallel code tailored for mantle flow in spherical 
coordinates, extended from 3D-DRex (Faccenda and Capitanio, 2013).   
The simulation starts with a large number of Lagrangian particles representing mineral 
aggregates, with 50 km horizontal spacing and 30 km vertical spacing. The mineral aggregates 
assume 70% A-type olivine and 30% enstatite. The particles have random orientation initially, 
which results in an isotropic mantle. With the mantle flow imposed, the particles change 
orientations based on the mechanisms mentioned above and start to form macroscopic 
anisotropy. The output is the full elastic tensor associated with the particles. The upper mantle is 
dominated by transverse isotropy, and, therefore, the symmetry axis of the transverse isotropy, 
i.e. TI axis, outlines the structure of the elastic tensor. For most aggregates, the modeled LPO is 
such that the TI axis coincides with the olivine fast axis (OFA) (Faccenda and Capitanio, 2013). 
We perform the above procedure for all the mantle flow models generated, and then 
compute their SWS prediction with the output full elastic tensors. We use the software package 
FSTRACK (Becker et al., 2006) to generate the synthetic SKS. This code employs full 
waveform modeling incorporating finite frequency effects. It reads in the elastic tensors output 
from DRexS. Then it computes synthetic seismograms by assuming an incident plane wave into 
the mantle over a range of frequencies (0 – 5 Hz) via inverse Fourier transform. The incident 
wave has a ray incidence of 5°, typical for SKS arrivals. After that, the code bandpass-filters the 
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seismograms from 0.05 to 0.3 Hz to be consistent with real SKS measurements. A cross-
correlation method (Menke and Levin, 2003) is then used to compute the splitting time from the 
synthetic seismograms. We also vary the amount of time over which mantle flow is applied, and 
we find that a 10-Ma history provides the best anisotropy result, although with limited 
improvement in predicted anisotropy compared to a longer time window (e.g., 20 Ma). 
4.3 Results 
In this section, we present the predictions of mantle flow, OFA, and resulting SKS 
splitting from the five different mantle models described in section 4.2.1. We start with the 
simplest case where only the effect of the lithosphere thickness variation is considered. Then we 
gradually add in other tectonic structures including the Juan de Fuca slab, the ancient Farallon 
slab, and the hot mantle anomalies, respectively.  
4.3.1 Model 1: Variable lithospheric thickness  
Mantle flow modulated by lithospheric thickness variation represents a commonly 
proposed mechanism for seismic anisotropy (Assumpção et al., 2006; Wang et al., 2008; Foster 
et al., 2014). Here we test the effect of the seismically inferred lithospheric structure on mantle 
flow pattern subject to the observed plate motion history. For a lithosphere with uniform 
thickness, its movement over a low-viscosity asthenosphere would form the typical Couette flow, 
where the flow direction parallels that of the surface plate and the flow speed decreases with 
depth. This has been proposed as the mechanism to form plate motion-parallel seismic 
anisotropy (Vinnik et al., 1992; Fouch et al., 2000; Becker et al., 2014; Hu et al., 2017). 
Lithospheric thickness variations, especially that along the direction of plate motion, could 
modify mantle flow and thus change the pattern of seismic anisotropy (e.g., Wang et al., 2008; 
Foster et al., 2014).  
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For the western U.S., the plate motion since 20 Ma has been largely westward (e.g., 
Müller et al., 2008). The lithosphere is thin throughout most of the western U.S., with a rapid 
increase in thickness to the east of the Rockies into the cratonic interior (Hansen et al., 2015). 
This thickness variation is also revealed in both body-wave (e.g., Schmandt and Lin, 2014) and 
surface wave tomography (e.g., Shen and Ritswoller, 2016). In our calculation, for the cratonic 
region to the east, we take the upper 200 km cold anomalies as representing the continental 
lithosphere. In the active tectonic region, there is no lithosphere according to the tomography 
adopted (Schmandt and Lin, 2014), as is due to the lack of vertical resolution of body wave 
inversion. Consequently, this tends to over-estimate the effect of lithospheric thickness variation 
on diverting mantle flow (Fig. 4.3a, 4.3b). 
The resulting mantle flow largely displays a plate-motion-driven pattern, both in the 
oceanic and continental regions. Down to 200 km depth, the oceanic mantle mostly follows the 
surface plate velocity (Fig. 4.3a, 4.3b). One exception is the narrow, young Juan de Fuca-plate, 
where the mantle flow, especially at >100 km depths, is strongly affected by the fast motion of 
the Pacific plate to the west and the south. Within the continent, mantle flow below the craton 
area inherits the surface motion due to the thick strong lithosphere. In contrast, the mantle below 
the tectonic region on the west, where lithosphere is thin, deviates from the surface velocity to 
flow slightly southward. The change of flow direction below the western U.S. likely reflects the 
effect of the lithospheric step that largely orients NW-SE, favoring a southward flow diversion.  
            The predicted mantle anisotropy displays different patterns across the subduction zone. In 
the oceanic mantle, the OFAs at different depths are consistent with surface plate motion (Fig. 
4.3c-4.3e), a result similar to that in Hu et al. (2017). On the continental side, the interior of the 
thick cratonic lithosphere (<200 km depth) has no LPO fabrics developed (Fig. 4.3c), indicating 
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little shear deformation inside the strong lithosphere. At greater depths (Fig. 4.3d, 4.3e), the 
anisotropy below the craton displays little change over depths, mostly parallel with plate motion. 
The OFAs below the tectonic region, delineated by the lithospheric step, differ significantly from 
the direction of plate motion. A narrow zone of anomalous NW-SE oriented OFAs closely 
follows the strike of the lithospheric step below 200 km depth. This is a result of shear 
deformation along this boundary, where the mantle to the west feels less mechanical entrainment 
from above, as also seen from the change in mantle velocity.  In NV, the mantle flow is locally 
diverted around the central cold anomaly, and this generates a radial pattern of OFAs above ~300 
km (Fig. 4.3c, 4.3d). In CA, the OFAs are roughly parallel to the coast (Fig. 4.3c-4.3e), implying 
shear deformation near the continental boundary where the E-W plate motion transitions into 
NW-SE in the Pacific. The obviously different spatial patterns of mantle velocity and LPO 
suggest that the former is a poor approximation of seismic anisotropy for tectonically active 
regions.   
            The predicted SKS (Fig. 4.3f) has a strong dependence on the depth distribution of LPO 
(Fig. 4.3c-4.3e). In the regions where the LPO patterns are consistent over depth, such as the 
ocean basin, the coast area, the craton region, and southern B&R, the SKS prediction aligns well 
with OFAs at depths. In regions where anisotropy patterns vary significantly with depth, like 
NV, the correlation with SKS is reduced. In comparison with the observed SKS, prediction from 
Model 1 fails to match most of the features within the western U.S. (Fig. 4.3f). The only place 
that local lithospheric thickness variation seems to match observation is in north-central NV, 
where a semi-circular pattern overlaps part of the observed larger circular SKS pattern. However, 
the predicted SKS splitting time in this region is much smaller than observed, casting doubt on 
the significance of this contribution.	
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Figure 4.4: Same as Fig. 4.3 but for Model 2. Red dashed lines delineate key anisotropy 
features. Magenta arrowed lines in (f) delineate the mantle flow unique for this model. The 
magnitude of predicted SKS splitting is stronger than that in Model 1. 
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4.3.2 Model 2: The subducting Juan de Fuca slab  
Subducting slabs are usually considered to play an important role in forming mantle 
anisotropy and SKS observations (Long and Becker, 2010; Zandt and Humphreys, 2008; Hu et 
al., 2017). Slabs can influence mantle flow through both poloidal and toroidal flows (Long and 
Becker, 2010). The poloidal flow above a slab is perpendicular to the trench, and the toroidal 
flow, originating from below the slab to above around slab edges, usually forms a circular 
pattern (Stegman et al., 2006; Faccenda and Capitanio, 2013).  
Model 2 is similar to that from Liu and Stegman (2011), except that a thick continental 
lithosphere is absent. This allows us to focus on the effect of the slab, as usually done in 
idealized subduction simulations (e.g., Faccenda and Capitanio, 2013). In this model, the Juan de 
Fuca slab deforms and segments during subduction (Fig. 4.4a, 4.4b). The continental mantle has 
a dominant poloidal flow induced by subduction, and the two major slab segments span a largely 
uniform SW-NE flow field at 200 km depth (Fig. 4.4a), while the oceanic mantle still follows the 
typical Couette flow, as in Model 1. Below the western U.S., there is some local disturbance of 
mantle flow around the slab pieces at depths (Fig. 4.4). In the cratonic mantle, the flow is more 
uniform and gets less influence from the slab.  
Thus calculated mantle LPO demonstrates many prominent features, in contrast to those 
from Model 1. First, the overall anisotropy magnitudes are larger (Fig. 4.4c-e). Second, the 
oceanic mantle’s OFAs are not just parallel to the plate motion anymore (Fig. 4.4c-e). Both 
reflect enhanced mantle deformation at depths due to the presence of the slab. Most of the OFA 
patterns at depth follow that of the mantle flow, due to its relatively simple geometry. Some local 
semi-circular patterns develop close the slab, such as those in western NV and central CA.   
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Due to the relatively simple anisotropy patterns, the depth-integrated SKS prediction also 
largely matches mantle flow for most of the regions (Fig. 4.4f). For example, the oceanic region 
sees a dominant pattern of plate motion, and the continental mantle is mostly slab-driven 
poloidal flow. Close to the coast, some deviation occurs, but a clear circular pattern is missing, 
and thus predicted SKS does not correlate with the observed SKS pattern.  
4.3.3 Model 3: Active subduction + lithosphere structure 
Model 3 includes both the subducting Juan de Fuca slab and the seismically imaged 
continental lithosphere (Fig. 4.2), allowing examination of their joint effects in modulating 
mantle flow (Fig. 4.5a, 4.5b). Another difference from Model 2 is that we infer the geometry of 
the Juan de Fuca slab at 20 Ma using the hybrid inversion approach (Zhou and Liu, 2017) instead 
of from a pure forward simulation since 40 Ma (Liu and Stegman, 2011). This results in a better 
match to the observed mantle seismic structure, especially that the slab dip angel decreases due 
to enhanced hydrodynamic suction from the upper plate (e.g., Hu et al., 2016). At present, down 
to 200 km, the southern edge of the slab is surrounded by a strong toroidal flow (Fig. 4.5a). Both 
this toroidal flow and the sinking of the slab in the Pacific Northwest draws the mantle flow 
northward from southern B&R. The existence of a thick cratonic lithosphere to the east couples 
the asthenosphere flow with the plate motion, in contrast to the slab-induced return flow in 
Model 2 (Fig. 4.4a).  
In the oceanic region, the OFA pattern is similar to that in Model 2. In the continental 
region, the varying thickness of the continental lithosphere exerts a strong influence on the 
distribution of OFA. There is a clear east-to-west contrast of OFA across the lithospheric step 
(Fig. 4.5c-4.5e),  
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Figure 4.5: Same as Fig. 4.3 but for Model 3. A circular SKS pattern is predicted in the right 
location as observed, but many details are off, with notable regions being the southern B&R and 
the Pacific Northwest. 
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where the eastern part has relatively simple plate-motion parallel orientation, while the western 
part displays more complex patterns. A strong and broad circular anisotropy pattern develops 
over the region covering OR, CA and NV, as is due to the toroidal flow below and around the 
southern slab edge (Fig. 4.5c, 4.5d). The OFA direction in the southern B&R is largely parallel 
to the northwestward mantle flow.  
The resulting SKS prediction differs from Model 2 in that the areas with large SKS 
splitting occupy most of the regions to the west of the lithospheric step (Fig. 4.5f). The predicted 
rotating SKS pattern becomes wider and more circular, close to observation. The strong SKS 
splitting in eastern NV, western Utah (UT), and central CA matches observation well. The 
enhanced SKS splitting within easternmost SRP also better matches observation. However, 
predictions within other regions are still off. In particular, the SKS orientation in eastern OR, 
northern NV and southernmost B&R is almost orthogonal to observation.  
4.3.4 Model 4: Model 3 + ancient Farallon slab 
Models 1 – 3 miss many tomographic features imaged below central-eastern U.S., 
especially the large number of fast anomalies below the east coast (Fig. 4.2; Sigloch, 2011; 
Schmandt and Lin, 2014), traditionally interpreted as the ancient Farallon slab (e.g., Grand et al., 
1997). By converting this ancient slab pile into positive density anomalies, the mantle flow 
differs again from that in previous models. Below the western U.S., the mantle flow becomes 
predominantly eastward (Figs. 4.6a, 4.6b), instead of being westward as most other models 
show. This eastward flow component reflects the viscous drag from the sinking of the ancient 
Farallon slab (Zhou et al., 2018).   
The anisotropy pattern changes greatly as well, compared to the previous models (Figs. 







to more E-W direction at all depths. This starts to outline a circular pattern largely centered in 
western Nevada. More variations appear below the craton. The OFA orientation around the Juan 
de Fuca slab changes rapidly over depth, but with both the pattern and intensity extending 
eastward, indicating the effect of the ancient Farallon slab.  
The resulting SKS splitting shows additional improvements (Fig. 4.6f) from that in 
Model 3 (Fig. 4.5). The predicted circular pattern expands further east to central UT, similar to 
that observed. In the southern B&R, the modeled SKS splitting is now oriented NE-SW, 
consistent with both the underlying anisotropy and the observed SKS orientation. The SKS 
prediction along the SRP and eastern B&R, due to flow around the craton edges (Fig. 4.6a, 4.6f), 
further matches observation. However, there are still some mismatches. In California, the 
predicted fast direction is more N-S than that observed. The prominent E-W fast splitting in 
southern Oregon and Idaho is not yet predicted.  
4.3.5 Model 5: Model 4 + hot asthenosphere anomalies 
The last geodynamic component we further consider is hot mantle anomalies that are 
widespread throughout the upper mantle below the western U.S. Zhou et al. (2018) proposed that 
most of these shallow hot anomalies originated from the Pacific upper mantle since the mid-
Miocene. The intrusion of this hot mantle below the sites of intra-plate volcanism is facilitated 
by, on one hand, dynamic pressure below the Juan de Fuca plate and, on the other hand, the 
sinking of the ancient Farallon slab further east.  
Since the buoyant and weak hot anomalies would affect mantle flow at upper mantle 




Figure 4.7: Same as Fig. 4.3 but for Model 5. This model, among all cases, best matches the key 
SKS features. Relative to Model 4 (Fig. 4.6), the observation in the Pacific Northwest is 
significantly improved, due to the intruding hot mantle below the region. 
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decouples surface plate motion from the mantle below. Therefore, the mantle flow in the oceanic 
region, especially beneath the Juan de Fuca plate, deviates locally from the plate motion 
direction, with the oceanic asthenosphere flows largely westward (Fig. 4.7a). The present-day 
mantle velocities below the western U.S. are similar to those in Model 4, mostly going eastward, 
although with increased magnitudes at asthenospheric depths. However, the presence of hot 
anomalies affects the slab geometry and mantle flow below the Pacific Northwest, where a 
localized E-W deformation pattern persists around the center of the tearing slab (Fig. 4.8). 
The anisotropy patterns further evolve (Fig. 4.7c-e), relative to Model 4. Most 
prominently, the circular pattern is further enlarged to the east and north and is now centered at 
western NV and northern CA, and the coherency of this pattern extends down to as deep as 400 
km depth (Fig. 4.7e). 
Such an OFA pattern represents the best prediction among all models discussed here. To 
the north, in OR and ID, a strong E-W oriented OFA structure is developed for the first time 
among all models, controlled by the enduring eastward intrusion of the hot mantle along the SRP 
since mid-Miocene (Fig. 4.7f; Zhou et al., 2018). On the west, in California, the predicted OFA 
forms a more coherent rotating pattern compared to other models, forming the western portion of 
the large anisotropy swirl.  
The resulting SKS splitting pattern in this model could match most key observational 
aspects (Fig. 4.7f). The E-W oriented strong SKS splitting in OR and ID is consistently 
reproduced. This trend continues along the SRP into northern WY, best matching observation. A 
similarly strong stream of N-S oriented SKS in eastern NV and western UT along the craton 
edge merges northward with that along the SRP. Together with the smoothly transitioning and 
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rotating SKS pattern to the west and south of NV, a regional-scale circular pattern of SKS 
splitting forms, best mimicking that observed.  
Some local discrepancies still exist. These include the center of the large circular pattern 
in northern NV, the southeastern edge of the circle in Arizona, as well as regions near the 
Canada-U.S. and U.S.-Mexico borders where the tomography image starts to lose resolution. As 
discussed later, these small-scale features are sensitive to model details that are not well 
constrained given the amount of data assimilated in these models.  
4.4 Discussion & Conclusion 
In this study, we focus on reproducing the SKS observation over the tectonically active 
western U.S. Although the complex underlying dynamics poses a major challenge to numerical 
modeling, the observed anisotropy should mostly reflect recent mantle deformation with little 
contribution from fossil fabrics as commonly observed within the table continental lithosphere. 
Indeed, recent ambient noise tomography reveals that anisotropy within the uppermost mantle 
(~50 km depth) correlates strongly with the SKS pattern (Lin et al., 2011), indicating lithosphere 
fabrics redefined by recent mantle dynamics. Therefore, we neglect the effect of lithospheric 
fossil anisotropy (assuming above 100 km depth) in these calculations.  
From the models presented above, we find that the SKS splitting data requires a proper 
simulation of an array of complex mantle structures and their associated mantle flow over time 
(e.g., Fig. 4.2). In contrast, none of the previously proposed conceptual models will suffice to 
explain all the anisotropy observations in the tectonically active western U.S. The data 
assimilation nature of our models allows a step-by-step analysis for the driving mechanisms of 





day	 SKS	 pattern	 assuming	 a	 fixed	 pattern	 of	 present-day	 mantle	 flow	 since	 10	 Ma.	
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Temperature	 at	 200	 km	 is	 plotted	 as	 the	 background.	 The	 predicted	 SKS	 patterns	 remain	
similar	over	time	while	the	magnitude	steadily	grows	stronger.		
The modulation of mantle flow by lithosphere thickness variation is indeed an intuitive 
mechanism, but its effect seems to be restricted to the vicinity of the assumed lithosphere 
variations, including both the central-NV drip and the cratonic edge near the Rockies (Figs. 4.3-
4.7). The fact that the western U.S. represents a subduction zone suggests that oceanic slabs must 
play an important role, and this notion is consistently confirmed in this study (Figs. 4.4-4.7). 
However, the exact deformation history and mantle flow evolution associated with these slabs 
have remained as the greatest challenge in geodynamic modeling. This is also the reason for 
carrying out the simulation exercises in Model 2 through Model 5. 
A single slab sinking into a freely deforming mantle is a straightforward way to picture 
the 3D configuration of subduction (Stegman et al., 2006; Schellart et al., 2007). However, such 
a model with the observed subduction history (Model 2) only predicts a broad westward 
returning flow and a smooth anisotropy pattern (Fig. 4.4). This model does not predict a large-
scale circular pattern of anisotropy due to toroidal flow around the slab edge, as Zandt and 
Humphreys (2008) proposed. This calls on the need of other tectonic mechanisms, such as 
realistic geometry of the overriding plate, which has been shown to affect slab evolution 
(Capitanio et al., 2011; Taramón et al., 2015; Hu et al., 2016). Model 3, therefore, combines the 
effects of the subducting slab and the continental lithosphere, and indeed better reproduces the 
circular anisotropy pattern as observed.  
How former subducted slabs influence upper-mantle dynamics represents an outstanding 
question. Training mantle anisotropy using flow induced by deep mantle density anomalies 
(Model 4) makes a unique contribution to addressing this problem by showing that slabs 
subducted as early as 100 Ma are still actively affecting the shallow mantle. Although the ancient 
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Farallon slab is already below the east coast, its impact on the upper mantle is still so significant 
that it switches the mantle flow direction below the western U.S. from being westward to 
become eastward (Figs. 4.5-4.7). Thus generated flow further extends the region of strong SKS 
splitting to below the cratonic interior, and shifts the location of the circular pattern eastward to 
central Nevada. This model basically establishes the overall pattern of the observed SKS splitting 
over western U.S., except for the Pacific Northwest.  
Final inclusion of hot mantle anomalies in the model (Model 5) provides an improved fit 
to the E-W fast anisotropy in OR and ID (Fig. 4.7). This is the only place where the hot mantle 
actively changes mantle flow and anisotropy, since the extra heat increases the upper mantle 
dynamic pressure beneath the Juan de Fuca plate that allows the shallow slab tears to pump more 
material from the oceanic asthenosphere into the western U.S. upper mantle. The resulting strong 
shear deformation between the eastward moving sub-slab mantle (Figs. 4.7, 4.8) and the 
westward retreating mantle wedge (Fig. 4.7a) forms the prominent E-W anisotropy at the lower 
Pacific Northwest. For other regions, the presence of the low viscosity hot mantle mostly 
enhances local velocity, as seen from the eastward expanded flow region and anisotropy pattern.  
We also examine the temporal development of SKS splitting for the best-fit model 
(Model 5), by overplotting the evolving SKS pattern on the temperature field at 200 km depth 
(Fig. 4.8a-e).  Tests show that the observed SKS data could be best reproduced by considering 
mantle deformation since 10 Ma. A rotating pattern starts to form around the central NV 
lithospheric drip as early as 8 Ma (Fig. 4.8a). The fast direction along OR-SRP comes into shape 
by 6 Ma (Fig. 4.8b), where the magnitude of SKS splitting grows larger. Over subsequent times, 
the anisotropy pattern remains stable while the amplitude steadily increases (Fig. 4.8c-e). In 
another test, we assume the present-day mantle flow remains unchanged since 10 Ma (Model 6). 
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The resulting SKS prediction (Fig. 4.8f) is similar to the case with the time-dependent flow. This 
reinforces that the flow pattern during the past 10 Ma is largely stable. 
 
Figure	 4.9	 Viscosity	 at	 shallow	mantle	 for	 the	model	 with	 a	 parameterized	 geometry	 that	
approximates	the	NW-SE	oriented	lithosphere	step.		
We emphasize that these models, although already quite sophisticated, may not be able to 
uniquely constrain the origin of all local anisotropy features. This is because 1) the presented 







different mantle structures. For example, in Model 3, if we replace the seismically imaged 
lithosphere with a parameterized geometry that approximates the NW-SE oriented lithosphere 
step (Fig. 4.9), the resulting SKS splitting pattern will differ significantly (Fig. 4.10a): the 
circular pattern predicted in Model 3 (Fig. 4.5) largely vanishes, but the fit in OR-ID and 
southern B&R improves. This suggests that fine-scale lithosphere structures strongly affect local 
deformation. In another test based on Model 5, when we remove most of the hot mantle entering 
the southern B&R, the resulting SKS prediction remains largely unchanged (Fig. 4.10b), 
indicating an insensitivity to these dynamic structures. In addition, we caution that estimating 
mantle flow from seismic anisotropy can be tricky: although there seem to be some similarities 
between the two models in Figs. 4.9a and 4.9b, their corresponding mantle flow directions below 
the western U.S. are actually opposite to each other. 
 
Figure	 4.10:	 Two	 alterative	 scenarios	 of	 SKS	 prediction.	a)	 Same	 as	 Model	 3	 but	 with	 the	
seismically	imaged	lithosphere	replaced	by	a	parameterized	one	(Fig.	4.9),	as	that	adopted	in	
Liu	&	Stegman	(2011).	b)	Same	as	Model	5	but	with	a	reduced	amount	of	hot	mantle	entering	
the	 southern	 Basin	 &	 Range.	 Note	 the	 overall	 similar	 patterns	 to	 those	 based	 on	 their	
respective	alternative	models	(Figs.	4.5,	4.7).		
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Further uncertainties are related to the micro-flow simulations of the strain-induced LPO 
development, which have been calibrated against simple flows (simple shear and uniaxial shear) 
at low strains. As a result, the predicted anisotropy is able to well reproduce the SKS 
observations only when the mantle flow is sub-horizontal, while the fit degrades systematically 
in proximity of the trench where the slab-induced mantle flow has a strong vertical flow 
component (Faccenda and Capitanio, 2013; Hu et al., 2017), as is also observed in this study 
(e.g., Fig. 4.10b). 
In conclusion, this study outlines a mantle flow configuration below the western U.S. that 
is more complex than previous conceptual models suggest. The observed seismic anisotropy 
pattern represents a joint contribution from the active subducting Juan de Fuca slab along the 
west coast, the east-west variation of lithospheric thickness, the descending ancient Farallon slab 
below the east coast, as well as the intruding hot oceanic asthenosphere through slab tears toward 
the western U.S. upper mantle. Consequently, this result further supports our recent notion that 
the Yellowstone volcanic system has been fueled mostly by heat from the shallow Pacific mantle 
instead of from the putative Yellowstone plume (Zhou et al., 2018). 
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DISCUSSION AND CONCLUSION 
5.1 Implications on the western United States topography 
5.1.1 Background and Method 
While we have tested the hybrid mantle convection model against several independent 
data sets, there are still other observations with which we can further evaluate the model. One of 
these observational constraints is the topographic evolution of the western United States (U.S.). 
While it is difficult to reconstruct the absolute elevation during the past, it is possible to infer the 
timing and amount of uplift, although such inferences are sometimes controversial. For example, 
the Colorado Plateau (CP) has been known to be near sea-level at around 80 Ma. Several uplift 
phases have been proposed from different observational proxies. Flower et al. (2008) suggested a 
major phase of unroofing along the southwest CP from Late Cretaceous to Early Tertiary, and 
additional unroofing in the plateau interior in Early to Middle Cenozoic. In contrast, Karlstrom et 
al. (2012) proposed that km-scale uplift happened since 6 Ma in southwest CP. Along with these 
observations, several models have been proposed, including flat-slab removal between 70 and 40 
Ma (Humphreys et al. 2003; Liu and Gurnis, 2010), uplift due to the slab tearing between 35 -25 
Ma (Humphreys, 1995; Spencer, 1996; Roy et al., 2009), and post-10 Ma lithosphere 
delamination and/or mantle upwelling (Karlstrom et al. 2008; Moucha et al. 2008, 2009; van 
Wijk et al. 2010; Levander et al., 2011).  
To understand the present-day high topography of the western U.S. (Fig. 5.1), The 
traditional way is the isostasy theory. Alternatively, dynamic topography has also been proposed 
to explain temporal topography changes (e.g. Flament et al., 2013; Liu, 2015). To investigate 
whether there is dynamic topography over the western U.S., we look for a proper mantle density 
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structure, which also provides a basis for the hybrid inverse modeling discussed above. In this 
case, free air gravity anomaly (Fig. 5.1) provides an important constraint on the mantle density. 
We developed an MPI-paralleled code to compute gravity anomaly of a density structure by 
computing the integral: 
𝑔 =  !"#$
!!
                  (5.1) 
G is the gravitational constant, ρ is the density, V is the integral space, r is the distance between 
the density element and the observation point.  
 
Figure 5.1 a) Topography for U.S. The topography is low-pass filtered with 70 km wavelength. 
The data is from ETOPO 1.0. b) Free air gravity anomalies for U.S. The gravity anomalies are 
also smoothed to above 70 km wavelength. The data source is EGM 2012. 
It is impossible to invert for a mantle density structure purely based on gravity. 
Therefore, we look for a mantle density structure converted from tomography that does not 
violate the gravity constraint. In practice, we estimate the amount of gravity anomaly that 
requires a mantle origin. First we estimate the isostatic gravity anomaly, by considering two end-
member cases – crustal (Schmandt et al. 2015) and lithospheric (Levandowski et al. 2014) 
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In the case of crustal isostasy, we assume the observed topography is isostatically 
balanced by the crust that has a two-layer density structure, with the upper layer (UC) fixed 
(2600 kg/m3) and the lower layer (LC) varying in density. Since the Moho depth is well observed 
(Schmandt et al., 2015), we only need to vary the lower crustal density laterally. Then we 
compute the total free-air gravity anomaly due to surface and Moho topographies and crustal 
density variations. We then subtract the total gravity anomaly from observed free-air gravity to 
obtain residual gravity anomaly, which should represent mantle contribution.  
 
Figure 5.2 Simple illustration for two types of end-member cases of isostasy. For crustal 
isostasy, the compensation depth is at Moho. For lithospheric isostasy, the compensation depth 
is lithosphere-asthenosphere boundary.  
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In the lithospheric isostasy case, we assume the observed topography is isostatically 
balanced within the lithosphere, while assuming a fixed crustal contribution. The crust in this 
case is composed of a 15 km thick upper crust, and a lower crust whose thickness is determined 
by observed crustal thickness subtracting the upper crust. The densities for the upper and lower 
crust are correspondingly 2600 kg/m3 and 2850 kg/m3. We vary the mantle lithosphere density 
laterally using the known Moho (Schmandt et al., 2015) and LAB depths (Hansen et al., 2015), 
to achieve the observed topography. Again, we compute the residual gravity anomaly from this 
exercise and estimate the required mantle contribution due to its density structure.  
5.1.2 Results and discussion 
In the case of pure crustal isostasy, due to the thin crust of the B&R (Fig. 5.3a), an 
unreasonably small density (down to 2200 kg/m3) of the lower crust in western U.S. is required 
(Fig. 5.3b) to isostatically compensate its high topography; this casts doubts on this isostasy 
model. The gravity anomaly due to crustal density and Moho topography has negative values 
over most of the western U.S.; an exception is central B&R (Fig. 5.3c), where the thin crust 
brings dense mantle to otherwise crustal depths, leading to positive gravity anomaly. The total 
gravity anomaly due to surface topography (Fig. 5.3d) and crustal properties (Fig. 5.3c) is 
strongly positive in the B&R (Fig. 5.3e). The other regions have close-to-zero gravity anomalies. 
Since the observed free air gravity anomaly is only slightly positive in the B&R (Fig. 5.1b), the 
residual gravity is strongly negative (100 mGal) here, indicating mass deficit below the region. 
This falsifies the crustal isostasy model by requiring mantle density anomalies.  
When assuming lithosphere isostasy, since the North American LAB (Hansen et al., 
2015) has a similar large-scale pattern as that of the Moho (Fig. 5.4a), the resulting residual 
gravity anomalies are also similar to the crust isostasy case. However, the mantle lithosphere      
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Figure 5.3 The case of crustal isostasy. a) Crust thickness based on receiver function from 
Schmandt et al. 2015. The thickness ranges from 25 km to 55 km. The B&R has thin crust, while 
the CP and RM has thick crust. b) Lower crustal density based on crustal isostasy. The density 
ranges from 2200 kg/m3 to 2900 kg/m3, where the density beneath the B&R is unreasonably low 
to 2200 kg/m3. c) Free air gravity anomaly due to lower crust density and Moho depth 
variations. The western U.S. is overall negative due to the low lower crust density. The B&R has 
shallower Moho, so the denser mantle below this region increases free air gravity anomaly.  d) 
Free air gravity anomaly due to topography. The western U.S. is high and has positive 







B&R. e) Summation of gravity anomaly from c and d. The crustal isostasy gives a near-zero free-
air gravity anomaly in the eastern U.S. In the western U.S., the B&R has a positive anomaly, 
while other provinces have slightly positive signals.  f) Residual free air gravity anomaly 
calculated by subtracting e from that observation. This is the free air gravity anomaly due to 
mantle density anomalies. The B&R has negative values, indicating low-density mantle beneath.  
 
Figure 5.4 The case of lithosphere isostasy. a) Lithosphere thickness based on receiver function 
from Hansen et al. (2015). The thickness ranges from 60 km to 140 km, correlated with the crust 
thickness. The B&R has thin lithosphere, while the CP and RM has thick lithosphere. b) Mantle 







kg/m3. The density beneath the B&R is still low. But the range is more reasonable compared to 
that in the crustal isostasy. c) Free air gravity anomaly due to mantle lithosphere density, Moho 
depth, and lithosphere thickness variations. The western U.S. is overall negative due to the low 
mantle lithosphere density. d) Summation of free gravity anomaly from c and topography-
induced gravity anomaly. The eastern U.S. has mild variations. The western U.S. is overall 
negative, similar to the case of crustal isostasy. e) Residual free air gravity anomaly calculated 
by subtracting e from observation. This should stand for the free air gravity anomaly due to 
lithospheric mantle density anomalies. The B&R has negative values, indicating low-density 
mantle beneath the LAB. f) Predicted free air gravity anomaly due to the converted mantle 
density structure from tomography. A long-wavelength match between f and e is clear. 
density variation is more reasonable compared to that in the crustal isostasy case. This suggests 
that surface topography is more likely to be supported by density anomalies in the mantle. We 
forward calculated the gravity anomaly associated with the mantle density structure converted 
from seismic tomography. The long-wavelength pattern agrees with the residual gravity field 
from the lithosphere isostasy case (Fig. 5.4e-f). This implies that our converted present-day 
mantle density structure for the hybrid model is consistent with the gravity field.  
The mass deficit below the lithosphere of western U.S. also implies a possible 
topographic contribution from the convecting mantle. The hybrid model predicts an interesting 
dynamic topography evolution (Fig. 5.5). The Basin & Range province (B&R) and the Snake 
River Plain (SRP) experienced elevation increase in our model. This is due to the intrusion of hot 
anomalies into the continental interior that uplifts the surface topography. The positive dynamic 
topography first showed up near the trench. Accompanying the subsequent inland movement of 
hot anomalies, the topography high also migrated towards Yellowstone. During this process, the 
dynamic topography of the CP interior does not change, implying little dynamic topography 
since 20 Ma.  
We also investigated the predicted dynamic topography from other data assimilation 
models. We found that the simple backward inversion model (SBI) matches the observationally 
inferred local uplifts to the best (Fig. 5.6). The eastern edge of the CP uplifted during the last 5 
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million years due to dynamic topography in our model, supporting Karlstrom et al. (2007) 
observations.  
 
Figure 5.5 Predicted dynamic topography from the hybrid model. The B&R and SRP have 
experienced topography increase with the intrusion of hot anomalies. The interior of the CP has 
been stable during the entire time.  
While we have shown that the SBI model is problematic due to its violation of thermal 
diffusion backward in time, this model is actually more capable of capturing the very fine-scale 
dynamic features over a short time-scale, i.e., since 10 Ma. This is because the SBI model starts 
directly from the reference temperature, accounting for all the fine-scale structures. The hybrid 
model we have proposed can match the reference temperature field better over longer history and 
mostly for the large-scale features. The uplifting edge of the CP is a very sharp feature that 
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should be related to fine-scale mantle dynamics. Therefore, the SBI model is more suitable in 
this case.  
The different models for CP uplift proposed earlier do not necessarily contradict with 
each other. They may operate at the same time. One reason for the difficulty to justify which 
models are more correct is that reliable observational constraints for CP uplift are not easy to 
obtain. Overall, this is still ongoing research and requires more future investigation.  
 
 
Figure 5.6 a) Mantle P-wave velocity at 90 km depth (Schmandt and Humphreys, 2010). b) Changes of 
dynamic topography (0-5 Ma) due to  mantle flow in the last 5 Ma in the SBI model. The eastern CP hosts 
a uplift in the edge of the eastern U.S. The figure is made by Quan Zhou, Karlstrom, Lijun Liu, and their 
colleagues.   
5.2 On the ultimate origin of the heat source driving intra-plate volcanisms 
One of the major unsolved questions in our model is where the hot anomalies came from 
prior to 20 Ma. Based on the current understanding of earth evolution, the most likely source of 
extra heat in the upper mantle is from the core-mantle boundary where the high-temperature core 
a b
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interacts with the mantle. A very recent mantle tomography model reveals a tilted plume 
extending from the core-mantle boundary below Mexica-California to the uppermost lower 
mantle below Yellowstone (Fig. 5.7).  
 
Figure 5.7 Tomography from Nelson and Humphreys (2018). The plume (circled) is below 
California at core-mantle boundary, and tilts towards Yellowstone when rising to the surface. 
The figure is from Nelson and Humphreys (2018).  
This newly discovered plume also generates new questions regarding the ultimate origin 
of intra-plate volcanism of the western U.S. Could this plume be the sole reason for the intra-
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plate volcanism? Leonard and Liu (2016) did extensive research to see whether a plume could 
explain the volcanism. And they concluded that the plume evolution could not match the 
temporal progressive record of the volcanism, and that the plume could not provide enough heat 
to form the observed amount of the hot anomalies. Their study suggests that additional heat other 
than the plume must be present, as is consistent with the conclusion of Zhou et al. (2018) who 
found that heat from the Pacific oceanic asthenosphere rushed inland to warm up the western 
U.S. upper mantle. The strong constraint from seismic anisotropy further confirms the eastward 
migration of the hot mantle toward Yellowstone, supporting the dominant (minor) role of the 
intruding shallow mantle (mantle plume) since the mid-Miocene. However, our studies could not 
rule out an earlier connection of the hot Pacific mantle and the newly imaged mantle plume. This 
requires additional work in the future. 
5.3 Conclusions 
To summarize, in this thesis, we constructed a hybrid data assimilation approach and 
applied this approach to the U.S. to reconstruct past dynamics of the mantle. This approach is 
essentially a combination of sequential/forward data assimilation and adjoint/variational data 
assimilation. We proved the effectiveness of this approach by comparing the restored mantle 
evolution of this approach to results from other data assimilation methods. The forward data 
assimilation resolves fine scale dynamics of the slab but does not capture other important 
tomographic structures. The simple backward inverse (SBI) model assimilates mantle structures 
by reading in the present-day mantle image directly, but suffers from the violation of thermal 
diffusion. Therefore, the SBI model has many artifacts. Furthermore, the SBI model cannot 
simulate the slab properly. The adjoin/variational model is also able to incorporate tomography-
based mantle structures. However, the adjoint/variational model cannot resolve the fine scale 
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slab evolution either. The hybrid approach could solve most problems of the existing data 
assimilation methods. It could simulate the slab dynamics properly and it could also incorporate 
other mantle structures. The reconstructed mantle evolution more accurately follows physical 
laws. For instance, it obeys the half-space cooling model for oceanic plates. It also satisfies the 
law of thermal diffusion forward in time.   
The restored mantle convection model can explain most of the western U.S. volcanisms 
during the last 20 Ma, including the Columbia River flood basalt (CRFB), Yellowstone hotspot 
track (YS), Newberry hotspot track (NB), Basin and Range volcanisms (B&R), and CP 
volcanisms. The sinking of the Farallon slab below the central-eastern U.S. drives the eastward 
intrusion of the hot oceanic asthenosphere. The hot oceanic mantle first enters the western U.S. 
through Juan de Fuca slab tears, causing the CRFB. The later migration of the heat source is 
composed of the eastward propagation into the mantle blew YS and the westward flow above the 
retreating slab. These two coeval migrations of hot anomalies could have formed the YS and NB 
hotspot tracks. Another weaker heat source enters below the B&R around the southern edge of 
the slab, and explains the diffusive basaltic volcanism in B&R. In this model, the main body of 
putative Yellowstone plume is driven downward by the background flow and does not contribute 
much to these volcanisms.  
Mantle anisotropy is the most straightforward constraint on mantle flow and provides an 
independent validation of mantle convection models. The predicted shear wave splitting (SKS) 
from the hybrid model could match the observed SKS patterns, therefore further validating the 
model. The toroidal flow surrounding the Juan de Fuca slab is confined to below the coast. The 
sinking Farallon slab below the central-eastern U.S. drives the mantle flow overall eastward, and 
spans the extensive SKS circular pattern. The sharp thickness variations of continental 
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lithosphere regulate flow locally below the B&R and help locate the circular pattern to central 
Nevada. The fast E-W oriented anisotropy below the Pacific Northwest is a result of the 
sustaining intrusion of the hot oceanic asthenosphere. The same intrusion of hot mantle into 
below the YS produces the observed fast SKS along the Snake River Plain.  
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